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ABSTRACT
The Tonga Formation of the North Cascades, Washington, is spatially situated 
between rocks of the crystalline core and those of the Northwest Cascades System. Its 
affinity to one or the other, or both, of these flanking units has been uncertain but is 
of importance to orogenic models for the region.
The Tonga Formation consists of weakly-deformed bedded feldspathic 
graywackes and shale metamorphosed at chlorite to staurolite grade. Comparison of 
protolith lithologic assemblage and Rb/Sr isotopic signature in addition to plutonic, 
metamorphic, and deformational histories suggests that the Tonga Formation is 
correlative with the Chiwaukum Schist and is not equivalent to the Easton 
Metamorphic Suite as previously suggested.
A *^Sr/*®Sr to *^Rb/*®Sr plot of 18 samples from the Tonga Formation is 
indistinguishable from Chiwaukum Schist data. Both data sets contrast with the 
Darrington Phyllite of the Easton Metamorphic Suite, which has a steeper slope on the 
isotope plot, has a lower initial *^Sr/*^Sr ratio, and ranges to much higher ®^Rb/*®Sr 
values. The similarity of isotopic characteristics of the Tonga and Chiwaukum 
strongly supports a common history for the two units.
Metamorphic grade reflected in distribution of metamorphic minerals and 
thermobarometry increases continuously northward from chlorite zone (<4 kilobars) to 
staurolite zone (~7 kilobars) in the Tonga Formation and then to kyanite zone (~7 
kilobars) in Chiwaukum Schist.
IV
Deformation is expressed by the formation of folds of compositional layers 
which formed in the southern part of the study area before intrusion of the Beckler 
Peak Stock (-90 Ma); in the north the dominant fabric formed after crystallization of a 
96 Ma (U/Pb zircon, N. Walker) porphyritic dike and continued to develop after 
intrusion of the 90 Ma Excelsior Mountain Orthogneiss.
High pressure metamorphic recrystallization occurred after deformation, and 
after shallow intrusion of the 90 Ma Excelsior Mountain Orthogneiss (Aluminum-in- 
hornblende pressure -3 kilobars).
The Tonga Formation provides a continuous transect into the high-grade 
Chiwaukum Schist in the core of the Late Cretaceous orogen. Findings do not support 
the concept that the Darrington Phyllite and the Chiwaukum Schist are correlative or 
that the Cascades crystalline core evolved via a Barrovian overprint from the Easton 
blueschist terrane. Results of this study suggest a relatively simple two-stage 
metamorphic history represented by -90 Ma shallow contact metamorphism 
overprinted by high-pressure metamorphism increasing sharply from southwest to 
northeast and reaching peak conditions after 90 Ma and prior to -80 Ma.
V
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I. INTRODUCTION
In northwest Washington and southern British Columbia, the metamorphic core 
of a mid to Late Cretaceous orogen is exposed in the North Cascades and Coast 
Mountains (Figure 1). Plutons and high-grade metamorphic rocks of the Washington 
Cascades crystalline core have been offset from their British Columbian counterparts 
by 80-190 km (Misch, 1977; Vance and Miller, 1981; Tabor et al., 1989) along the 
right-lateral Paleogene Straight Creek-Fraser River Fault.
In northwestern Washington east of the Straight Creek Fault, the crystalline 
core includes high-grade rocks metamorphosed at pressures up to 8-9 kbars 
(Magloughlin and Evans, 1987; Whitney and Evans, 1988; Whitney, 1992). West of 
the Straight Creek Fault are the stacked thrust sheets of the Northwest Cascades 
System, including the Easton Metamorphic Suite, which experienced 
blueschist/greenschist facies metamorphism in the Early Cretaceous (Brown et al., 
1982). The Northwest Cascades System also occurs east of the Straight Creek Fault, 
where the Ingalls Complex was thrust over the Chiwaukum Schist at the southern end 
of the crystalline core between 96 and 93 Ma (Miller, 1985).
Two contrasting models for the cause of orogeny and metamorphism and 
specifically for mechanisms of loading of the crystalline core have been proposed.
One model attributes mid to Late Cretaceous orogeny in the North Cascades to 
collision caused by the accretion of Wrangellia, an allochthonous terrane, to the North 
American margin. In this model, orogen-normal contraction is seen as the driving 
force for overthrusting of large thrust sheets from the east to load the crystalline core
Figure 1. Regional tectonic elements of the North Cascades crystalline core. IM, 
Intermontane Belt; MT, Methow-Tyaughton terrane; FRF, Fraser River Fault; SCF, 
Straight Creek Fault; RLF, Ross Lake Fault; WR, Wrangellia terrane. After Brown 
and Talbot (1989).
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(Monger et al., 1982; Brandon and Cowan, 1985; Brandon et al., 1988; Whitney and 
McGroder, 1989; McGroder, 1991; Figure 2a). In a variant of this model, the abundant 
plutons in the crystalline core are explained as the product of anatexis of deeply buried 
material (Zen, 1988). An alternative model suggests that loading and subsequent 
metamorphism of the crystalline core were the result of the emplacement of large 
volumes of magma at high levels in the crust and concommitent downward 
displacement of wallrock (Brown and Walker, 1991; Walker and Brown, 1991; Brown 
and Walker, ms in review; Figure 2b).
Monger (1986, 1991) has proposed that the Northwest Cascades System and 
the crystalline core are correlative. He has suggested that the plate convergence that 
caused Early Cretaceous blueschist metamorphism in the Easton Suite evolved into a 
mid-Cretaceous thrust event which caused tectonic loading of the crystalline core. An 
alternative view of the tectonic history of this area is that the blueschists formed 
farther south and were translated north and emplaced against the southern end of the 
crystalline core during or after mid-Cretaceous orogeny (Brown, 1987).
The Tonga Formation (Figure 3) is situated between the crystalline core and 
the Northwest Cascades System. The Tonga Formation has previously been correlated 
with either the Easton Metamorphic Suite of the (Northwest Cascades System) (Yeats, 
1958; Yeats et al., 1977; Tabor et al., 1982a) or the Chiwaukum Schist (of the 
crystalline core) (Tabor et al., in press) or both (Monger, 1991; Zen, 1988). The low 
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Figure 3. Regional geologic map of the southern crystalline core of the North 
Cascades. After Tabor et al. (1982a,b; 1987a; 1988).
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ideal setting to look for evidence linking the crystalline core with the Northwest 
Cascades System.
One purpose of this investigation is to compare geologic histories of the Tonga 
Formation and the two possible correlatives, the Easton Metamorphic Suite of the 
Northwest Cascades System, and the Chiwaukum Schist of the crystalline core. Key 
elements for correlation are: 1) protolith lithologies and Rb/Sr isotopic signature; and 
2) timing and characteristics of plutonism, metamorphism, and deformation.
Another purpose of the study is to gain insight into the mechanism of mid- 
Cretaceous loading of the Chiwaukum Schist by analysis of the southwest margin of 
the orogen. If the Tonga Formation is correlative with the Chiwaukum Schist, then it 
completes a continuous transition on the flank of the orogen from low-grade phyllites 
in the south to high-grade rocks in the core of the orogen. If the Tonga Formation 
represents an Early Cretaceous (Easton) blueschist terrane intruded and upgraded at 
depth to Barrovian schists (Zen, 1988; Monger, 1991), then such a history should be 
recorded in the rocks.
The Tonga Formation consists of a largely fault-bounded group of chlorite 
grade to garnet-staurolite grade phyllites and schists on the west slope of the North 
Cascades near the town of Skykomish, Washington. Yeats (1958) included the Tonga 
Formation with rocks of the Easton Metamorphic Suite of the Northwest Cascades 
System based on the presence of blueschist layers in greenschist that he included in 
the Tonga Formation. However, this correlation has been regarded as suspect (Tabor 
et al., in press) because of similarities between the Tonga Formation and the
6
Chiwaukum Schist to the east and the recently recognized extension of the Straight 
Creek Fault system between the blue-amphibole-bearing outcrops and the Tonga 
Formation (Tabor et al., in press).
The Chiwaukum Schist is a high-grade metasedimentary unit of regional extent 
in the North Cascades metamorphic core. It has been correlated with the high-grade 
Settler Schist in British Columbia (Misch, 1977; Gabites, 1985, Gabites et al., in prep.) 
on the basis of Rb/Sr analysis, composition, and similiarity of metamorphic history. 
The Chiwaukum and Settler Schists have been offset from one another by Tertiary 
movement on the Straight Cfeek-Fraser River Fault. Because of the deformation and 
recrystallization in these high-grade schists, little is known regarding the original rock 
types and textures, depositional age, and tectonic setting of their protoliths. No low- 





Figure 4 shows the principal geologic units in the study area, including rocks 
of the southwestern crystalline core and the adjoining Northwest Cascades System.
This study is focused on metamorphosed sedimentary and volcanic rocks of the 
Chiwaukum Schist and the Tonga Formation, and associated Cretaceous plutonic 
rocks. Outcrops of the Easton Metamorphic Suite (which were formerly included in 
the Tonga Formation by Yeats, 1958) occur on the west side of the Straight Creek 
Fault.
The Tonga Formation is a sequence of low- to medium-grade meta-sedimentary 
and minor meta-igneous rocks described by Yeats (1958). Lithologies in the unit, in 
decreasing abundance, are graphitic chlorite and biotite phyllites, biotite schist, 
quartzofeldspathic semischist, hornblende semischist, greenschist, and 
metaconglomerate.
The Chiwaukum Schist consists of medium- to high-grade metasedimentary and 
metavolcanic rocks dominated by garnet-biotite-quartz schists +/- staurolite -i-/- 
aluminosilicates (Plummer, 1969, 1980). Interlayered amphibolites are common in 
some areas of the Chiwaukum Schist. Small marble bodies and ultramafic pods also 
occur in the unit.
The Beckler Peak Stock is a medium to coarse-grained quartz diorite body 
intrusive into the Tonga Formation. The Excelsior Mountain Orthogneiss is an
8
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Figure 4. Principal geologic units of the study area. Kbg, Banded Gneiss; Kc, 
Chiwaukum Schist; Ke, Easton Metamorphic Suite; Kgt, Excelsior Mountain 
Orthogneiss; Ks, Mount Stuart Batholith; Ksb, Beckler Peak Stock; Ksc, Sloan Creek 
Orthogneiss; Kt, Tonga Formation; T, undifferentiated Tertiary rocks; SCF, probable 
trace of the Straight Creek Fault. Geology after Tabor et al. (1982a; in press).
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Outcrops of the Easton Metamorphic Suite west of the Straight Creek Fault 
contain interlayered greenschist and blueschist as well as graphitic phyllite (Tabor et 
al„ in press).




The Tonga Formation is exposed in mountain meadows, creeks, and extensive 
roadcuts in the Beckler River, North Fork Skykomish River, Tye River, and Foss 
River drainages (Plate 1). The area was first mapped and described in detail by Yeats 
(1958, 1977). The type locality is a railroad cut on the south side of the Tye River 
east of Skykomish (Yeats, 1958).
The most common lithologies in the Tonga Formation are well-foliated black to 
dark gray phyllite and schist and quartzofeldspathic hornblende semischist.
Greenschists occur in several small bodies and as layers among the metasediments. 
Rare metaconglomerates form thin layers and small lenses within finer sediments.
Although sedimentary textures are often well preserved in Tonga Formation 
metasediments, extensive alteration of the original mineralogy has occurred during 
metamorphism. Even the lowest grade metasediments have experienced extensive 
alteration to chlorite and sericite, while higher grade pelitic rocks typically contain 
abundant biotite, garnet, and staurolite. The components of the coarser clastic
10
sediments most affected by alterarion are lithic fragments and feldspar grains, leading 
to a possible bias in lithologic description based on the better preservation of quartzose 
clasts.
Typical Tonga Formation outcrops contain interbedded layers of shale and silt 
or silt and sand. Well-developed graded bedding (Figure 5a) occurs at many localities. 
Graded sequences vary in thickness from a few centimeters (Figure 5b) to two meters. 
Cross-bedding and evidence for soft-sediment deformation (including load casts 
reported by Yeats, 1958) are less common. Despite the preservation of depositional 
structures, which suggests that fossils might also have been preserved, no fossils have 
been reported from the Tonga Formation.
Limited exposure of the Tonga Formation makes it impossible to map out 
lithologic subdivisions of the unit, however, some patterns of grain size distribution 
were observed. South of Johnson Creek (Plate 1) the sedimentary protoliths of the 
Tonga Formation are almost exclusively very fine-grained mudstone and siltstone 
(Figure 6). To the north there is a higher component of siltstone and fine sand, with 
lesser mudstone. Many outcrops of metamorphosed sandstone occur on the western 
slope of the nonhem Beckler River Valley. These outcrops may represent a 
continuous depositional layer of sand; however, because exposures in this area are 
limited to roadcuts, continuity is difficult to establish. Metamorphosed mafic igneous 
rock is concentrated in the eastern part of the Tonga Formation.
Two types of conglomerate were identified in the Tonga Formation. On Tonga 
Ridge and north of Eagle Creek on the west side of the Beckler River Valley,
11
Figure 5. Graded bedding in the Tonga Formation. A. Thick graded silt and sand 
sequence at Jack Pass borrow pit (Stop 35). B. Centimeter scale graded silts and fine 
sands in gamet-staurolite grade schists on West Cady Creek road (Stop 112).
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Figure 6. Distribution of protolith lithologies in the Tonga Formation. Fabric in 
patterns represents bedding strikes.
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conglomerates contain stretched rounded pebbles (now up to 12 mm long and 5 mm 
wide) in a clay-rich matrix (Figure 7a). Most of the preserved pebbles are of 
polycrystalline quartz, but some lithic pebbles of fine-grained angular arkose are also 
visible. The mottled appearance of the very fine-grained pelitic matrix suggests that 
additional pebbles of shale or graywacke may have originally been present in the 
conglomerate, but are now indistinguishable from the matrix. Conglomerates observed 
in the northeast Beckler River Valley are made up of clasts of aligned elongate 
angular fragments of highly carbonaceous black shale in a matrix of fine sand (Figure 
7b). The shale fragments are full of graphite and contain abundant, small, euhedral 
epidote crystals, suggesting a calcareous mud protolith. These appear to be the shale- 
chip conglomerates described by Yeats (1958).
Greenschists occur either as small bodies or as layers within metasediments. 
Samples from the greenschist mass east of the Beckler River Stock and from other 
localities contain relict coarse-grained igneous hornblende up to 3.5 X 2.5 mm and 
plagioclase crystals up to 7 X 3 mm (Figure 8), which are clearly recognizable despite 
extensive deformation and alteration during metamorphism. These rocks are 
interpreted to be metamorphosed hornblende gabbros. Not all of the Tonga 
greenschists contain visible relict igneous minerals or textures, therefore the 
greenschist protolith may also include mafic volcanic rocks or possible mafic 
volcaniclastic sediments.
Feldspathic hornblende-bearing schists occur interlayered with pelitic 
sediments. These probably represent a calcareous sand protolith.
14
Figure 7. Two types of conglomerate in the Tonga Formanon. A. Photomicrograph 
■in plane-polarized light) of a stretched pehble conglomerate on Tonga Ridge (Sample
173446e) Long axis of photo = 16.3 mm. B. Aligned angular shale fragments in
sandstone matrix on West Cady Creek road (Stop 112).
15
Figure 8. Photomicrograph (in cross-polarized light) of Tonga greenschist. Large 
twinned plagioclase and hornblende are being replaced by metamorphic actinolite 
(Sample 173-88). Long axis of photo = 10.2 mm.
16
Metamorphosed porphyritic dacites (Figure 9) occur as sills and dikes in the 
Tonga Formation. At least one of these sills has a chilled margin against Tonga 
phyllites (Figure 10), suggesting intrusion near the surface. Relict phenocrysts of 
feldspar and quartz in a fine-grained matrix have been strained and metamorphosed. 
Foliation attitudes, metamorphic grade, and deformational style in the metaporphyries 
are comparable to those in the surrounding Tonga Formation sediments, indicating that 
intrusion of the metaporphyry was pretectonic. A crystallization age of 96 Ma for a 
porphyritic dacite sill (Sample 173-60d) collected from a roadcut in metasediments 
south of Goblin Creek (Plate 1) has been determined by U-Pb analysis of zircon by 
Dr. N. Walker at The University of Texas (Appendix D).
The metaporphyries in the Tonga Formation are probably an early expression 
of the magmatic pulse that produced extensive Late Cretaceous plutonism in the 
southwestern crystalline core. A similar crystallization age of 96 million years (U/Pb 
zircon) was obtained by Tabor et al. (1987a) for the Big Jim pluton, which is thought 
to be an early mafic phase of the Mount Stuart Batholith (Erikson, 1977).
Chiwaukum Schist
The Chiwaukum Schist is a regionally extensive high-grade metasedimentary 
unit in the southern core of the Late Cretaceous orogen in the North Cascades. 
Although some areas of the Chiwaukum Schist are poorly known, many parts of the 
unit have been mapped and described in detail (Oles, 1956; Yeats, 1958; Rosenberg, 
1961; Van Diver, 1964; Crowder et al., 1966; Heath, 1971; Getsinger, 1978; Kaneda,
17
Figure 9. Photomicrograph (in plane-polarized light) of deformed porphyritic dacite 
used for U/Pb zircon dating (Sample 173-60e). Biotite foliation curves around 
phenocrysts of quartz and plagioclase feldspar. Long axis of photo =16.3 mm.
Figure 10. A metaporphyritic sill in the Tonga Formation south of Johnson Creek. 
The sill with a chilled border zone against Tonga metasediments (Stop 77).
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1980; Plummer, 1980; and Evans and Berti, 1986; Magloughlin, 1986). The 
Chiwaukum Schist consists primarily of pelitic and semipelitic schists, interlayered in 
parts of the unit with varying amounts of amphibolite. Small pods of marble and 
ultramafics also occur in the Chiwaukum Schist.
A migmatite complex within the Chiwaukum Schist, mapped as "banded 
gneiss" by Tabor et al. (1982a, 1987a), consists of light-colored tonalite sills and 
leucocratic dikes, some of which are metamorphosed. The migmatite probably formed 
by injection of magma and/or anatexis of metasedimentary rocks during early stages of 
regional metamorphism (Plummer, 1969; Tabor et al., 1987a). Contacts between the 
"banded gneiss" and Chiwaukum Schist shown on Figure 4 are gradational. The 
migmatite has been included with the Chiwaukum Schist in maps of the southwestern 
crystalline core in this thesis (for example Figure 3).
Chiwaukum Schist exposed east of the Evergreen Fault is highly recrystallized 
and deformed, making it difficult to discern the original lithology or texture of the 
protolith sediments.
The Chiwaukum Schist has been correlated with the Settler Schist in British 
Columbia (Lowes, 1972; Gabites, 1985). The two units appear to have a common 
metamorphic history including early Buchan metamorphism near the margins of the 
Mount Stuart and Spuzzum Plutons followed by high-grade Barrovian metamorphism 
(Evans and Berti, 1986). Similarity of Rb/Sr geochronology, isotopic signatures, and 
lithologies suggests that the two units also share the same depositional history 
(Bartholomew, 1979; Gabites, 1985; Magloughlin, 1986).
19
Easton Metamorphic Suite
Several isolated outcrops of greenschist and blueschist occur along the western 
Beckler River Valley and near the town of Skykomish. These rocks are highly 
recrystallized and deformed (Figure 11) and retain no recognizable primary textures, 
characteristics typical of the Shuksan Greenschist. Similar associations of phyllite and 
greenschist in the Easton Metamorphic Suite and the Tonga Formation led Yeats 
(1958) to correlate the two units.
Shuksan Greenschist and Barrington Phyllite crop out extensively north of the 
Tonga Formation on the west side of the Straight Creek Fault. In many places, the 
Straight Creek Fault juxtaposes Chiwaukum Schist directly against rocks of the Easton 
Metamorphic Suite (Tabor et al., 1988). A similar fault contact which places phyllites, 
greenschists, and blueschists of the Easton Metamorphic Suite against low-grade 
Tonga phyllites and greenschists is consistent with relationships mapped further north.
A U/Pb zircon date on a meta-quartz diorite in the Barrington Phyllite indicates 
a protolith crystallization age of 163 ± 2 million years (Gallagher et al., 1988). Based 
on the distribution of lithologies in the Easton Metamorphic Suite, Gallagher et al. 
(1988) propose that the protolith volcanics and sediments formed in a Late Jurassic 
marginal basin behind a west-facing volcanic arc.
Blueschists of the Easton Metamorphic Suite reached pressures as high as 7-9 
kilobars during metamorphism, and were highly deformed. K/Ar and Rb/Sr 






Figure 11. Photomicrograph (in plane-polarized light) of Shuksan Greenschist with 
interbedded blue-amphibole bearing layer (lower half of photo). From a railroad cut 
west of the Foss River (Sample 173-184). Long axis of photo = 16.3 mm.
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ages of 165-120 million years (Brown and Armstrong, 1982; Armstrong and Misch, 
1987).
Igneous and Meta-igneous Units
Beckler Peak Stock
The Beckler Peak Stock is an elongate, mostly unfoliated tonalite body, which 
intrudes the southern part of the Tonga Formation. Numerous dikes and sills are 
found near the main body of the pluton in the adjacent Tonga Formation.
The stock has yielded K/Ar dates on hornblende and biotite of 92 million years 
(Yeats and McLaughlin, 1968; Engels and Crowder, 1971; Yeats and Engels, 1971). 
The similarity of the hornblende and biotite ages suggests that the pluton cooled 
rapidly shortly after crystallization. The presence of andalusite in a contact aureole 
around the Beckler Peak Stock indicates that the pluton crystallized at relatively 
shallow crustal levels.
The Beckler Peak Stock is similar to the nearby Mount Stuart Batholith in 
composition (Yeats, 1958; Erikson, 1977), and age (Engels and Crowder, 1971), and is 
considered to be a satellite of it.
Mount Stuart Batholith
The Mount Stuart Batholith is a regionally extensive Late Cretaceous body 
intrusive into the Chiwaukum Schist and Ingalls Complex. The batholith is a 
composite of comagmatic intrusive phases ranging in composition from two-pyroxene
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gabbro to late aplite and pegmatite, but primarily composed of quartz diorite and 
granodiorite (Erikson, 1977). Erikson has shown that all of the compositions present 
could have been produced by fractionation of the two-pyroxene gabbro, which is both 
the oldest and most mafic composition represented. The main bodies of the Mount 
Stuart Batholith contain a foliation parallel to pluton contacts formed by flow 
alignment of hornblende, plagioclase, and biotite (Erikson, 1977). Paterson and Miller 
(1991) have also identified solid-state lineations in the Mount Stuart Batholith.
The Mount Stuart Batholith has yielded K/Ar hornblende ages ranging from 95 
to 82 million years (Engels and Crowder, 1971; Tabor et al., 1982a) and U/Pb zircon 
ages of 96 million years on the Big Jim Pluton (Tabor et al., 1987a) and 93 million 
years on the main body of the batholith (Walker and Brown, 1991).
Widespread occurrence of andalusite and pseudomorphed andalusite at many 
localities near the margins of the Mount Stuart Batholith indicates emplacement at 
pressures less than 3.7 kilobars (Holdaway, 1971). Aluminum-in-homblende 
barometry (calibration of Johnson and Rutherford, 1989) (Anderson and Paterson, 
1991) yields crystallization pressures for the Mount Stuart Batholith ranging from 2.6 
kilobars in the southern part of the batholith decreasing to 0.8 kilobars to the north, 
which provides additional evidence that the entire pluton cooled at relatively shallow 
depth.
The Mount Stuart Batholith also intrudes the Ingalls Complex (Figure 3), 
giving a minimum age of around 93 million years for the emplacement of Northwest 
Cascades System rocks on the Chiwaukum Schist.
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Excelsior Mountain Orthogneiss
The Excelsior Mountain Orthogneiss is a small elongate biotite-tonalite 
orthogneiss body, which crosses the North Fork Skykomish River Valley west of 
Quartz Creek.
Contacts between the Excelsior Mountain Orthogneiss and surrounding 
metasediments are not well exposed. Outcrops in a creek on the southwest side of the 
pluton show interfingering of schist and orthogneiss and lack evidence of shearing. 
Coarse-grained unfoliated tonalite dikes in Tonga Formation phyllite on West Cady 
Creek road (Figure 12) may be apophyses of the pluton. These relationships suggest 
that the Excelsior Mountain Orthogneiss was intruded into the metasediments rather 
than being emplaced along faults as was suggested as a possibility by Tabor et al. (in
press).
At the northern end of the orthogneiss, contacts with the Chiwaukum Schist are 
hidden on heavily wooded slopes west of Quartz Creek (Plate 1). Scattered small 
cliffs of orthogneiss on this slope confirm the general northern extent of the 
orthogneiss body. Metasediments in the first outcrop to the north of the last observed 
orthogneiss are garnet-staurolite schists. Intergrown staurolite and muscovite filling 
rhombohedral areas in a fine-grained schist from this outcrop are interpreted as 
probable pseudomorphs of andalusite (Figure 13). The occurrence of early growth of 
andalusite in the closest schist outcrop to the pluton contact suggests that the schists 
experienced contact metamorphism during shallow-level intrusion of the Excelsior 
Mountain pluton. Aluminum-in-hornblende geobarometry on a rare hornblende biotite
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Figure 12. Biotite tonalite dikes in Tonga Formation metasediments on West Cady 
Creek road may be apophyses of the Excelsior Mountain Orthogneiss (Stop 108).
Figure 13. Photomicrograph (in plane-polarized light) of deformed squarish 
pseudomorphs of andalusite now replaced by staurolite and muscovite. From gamet- 
staurolite grade Cbiwaukum Schist west of Quartz Creek just north of the Excelsior 
Mountain Orthogneiss contact (Sample 173-169b). Long axis of photo = 5.1 mm.
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tonalite (Sample 173-137b; Figure 14a) from the summit of Excelsior Mountain 
indicates that the pluton crystallized at 2.7 kilobars (see geobarometry section), in 
agreement with the growth of contact-metamorphic andalusite near the northern margin 
of the pluton.
The north central part of the pluton, well-exposed on a roadcut on the North 
Fork Skykomish River road, displays a strong metamorphic fabric (Figure 14b) made 
up of anastomosing biotite-rich layers, while outcrops on the summit of Excelsior 
Mountain (Figure 14a) and towards the southern end of the pluton are unfoliated. This 
deformational pattern indicates an increase in strain from south to north along the 
length of the pluton, which could reflect deeper burial of the northern end of the 
pluton during metamorphism.
Small lens-shaped outcrops of cummingtonite schist on the summit of Excelsior 
Mountain are interpreted to be xenoliths of the country rock.
Tabor et al. (1982a) obtained a U/Pb zircon age on Excelsior Mountain 
Orthogneiss of about 90 million years from the roadcut on the North Fork Skykomish 
River road.
Sloan Creek Ortho2neiss
The Sloan Creek Orthogneiss consists of several highly elongate tonalite 
orthogneiss bodies in the western Chiwaukum Schist. The Sloan Creek Orthogneiss 
has a similar compositional range to the main bodies of the Mount Stuart Batholith to 
the south and its protolith was probably equivalent. Pseudomorphed andalusite
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A
Figure 14. Excelsior Mountain Orthogneiss. A. Photomicrograph (in plane-polarized 
light) of undefoimed biotite-homblende orthogneiss from the summit of Excelsior 
Mountain (Sample 173-137b). Long axis of photo = 16.3 mm. B. Strongly foliated 
orthogneiss from the roadcut on the Nonh Fork Skykomish road.
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porphyroblasts associated with the margins of the Sloan Creek Orthogneiss bodies 
noted by Heath (1971) appear to represent contact metamorphism contemporaneous 
with intrusion of the protolith plutons. This evidence of shallow intrusion for the 
Sloan Creek plutons also suggests a similar intrusive history to the Mount Stuart 
Batholith. The Sloan Creek Orthogneiss was, however, subjected to deeper burial and 
a higher degree of deformation during Late Cretaceous orogeny than the main bodies 
of the Mount Stuart Batholith fanher south. The strong fabric which is characteristic 
of the Sloan Creek Orthogneiss is in contrast to the weakly developed deformational 
fabric in the Mount Stuart Batholith and has led to its separate name.
U/Pb zircon analyses on Sloan Creek Orthogneiss have yielded a crystallization 
age of 90 million years (Tabor et al., 1982a; Walker and Brown, 1991); a K/Ar 
cooling age on biotite from nearby Chiwaukum Schist is 75 million years (Tabor et 
al., 1988).
Similarity in composition, fabric, U/Pb zircon age, and shallow intrusion level 
suggest that the Excelsior Mountain Orthogneiss is correlative with the Sloan Creek 
Orthogneiss.
m. RB/SR ISOTOPIC CHARACTERIZATION
Although the accuracy of whole rock *^Rb/*®Sr isochrons for dating of 
metasedimentary rocks is controversial, the study of the Rb/Sr isotopic system of a 
depositional unit reveals a pattern of isotopic ratios that are a combination of its 
protolith chemistry and metamorphic history (Armstrong and Misch, 1987). These 
isotopic signatures are useful for comparison between metasedimentary units of similar 
composition and have been used as evidence for correlation.
The Tonga Formation
Eighteen samples from the Tonga Formation were analyzed for whole-rock 
Rb/Sr in the geochronology lab at the University of British Columbia as part of this 
study. Samples were selected to represent the full range of protolith lithologies, 
metamorphic grade, and geographic variation of the unit. The samples chosen for 
analysis are listed in Appendix A and include twelve samples of interlayered mudstone 
and siltstone, three sandstones, two samples of graded sandstone and siltstones, and 
one greenschist. Mineral assemblages of the samples are given in Appendix B.
Figure 15 shows the distribution of sample sites in the Tonga Formation.
The samples from the Tonga Formation were used to obtain an Rb/Sr isotopic 
signature for the unit. Results for the Tonga samples give an initial *^Sr/*®Sr ratio of 
0.7042 ± 0.0005 and a whole rock "scatterchron" age of 193 ±11 million years. The 
slope of the data set (0.002746 ± 0.000153), calculated by the York (1967) method, is
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121° 15'
Figure 15. Locations of Rb/Sr samples in the Tonga Formation. Data is listed in 
Appendix A. See Figure 4 for key to units.
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fairly well defined, with a correlation coefficient of 0.953.
The range of *^Rb/*^Sr ratios in the Tonga Formation (Figure 16) on a plot of 
*’Sr/*^Sr against *’Rb/*®Sr reflects the different capacity of various lithologies to retain 
rubidium and strontium. Pelitic sediments tend to have the highest *’Rb/**Sr values.
To obtain a valid comparison to the Barrington Phyllite data, which range to very high 
*^Rb/*®Sr values, care was taken to adequately represent the more pelitic lithologies, 
which are the most common lithology in the Tonga Formation.
Comparison with other units
Rb/Sr isotopic signatures have already been used for correlation of units in the 
crystalline core. Rb/Sr isotopic data are available for Chiwaukum Schist, Settler 
Schist, and Barrington Phyllite, the three most likely correlatives to the Tonga 
Formation. Rb/Sr data for the Chiwaukum Schist have been obtained by Magloughlin 
(1986), for the Settler Schist in British Columbia by Bartholomew (1979) and Gabites 
(1985), and for the Barrington Phyllite by Armstrong and Misch (1987). Regression 
lines for the Barrington Phyllite, Chiwaukum Schist, and Settler Schist data sets were 
calculated using the published age (slope) and initial strontium ratios.
Comparison between the isotopic signatures of these units and that of the 
Tonga Formation reveals a strong similarity between the Tonga Formation and the 
Chiwaukum and Settler Schists (Figure 17), and a distinct difference between these 
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Figure 17. Plot of Rb/Sr data for the three crystalline core units. Chiwaukum Schist 
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Figure 18. Plot of Rb/Sr data and regression lines for the Tonga Formation and the 
Darrington Phyllite. Darrington phyllite data from Armstrong and Misch (1987).
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The Chiwaukum and Settler Schists
Magloughlin (1986) analyzed fifteen samples for whole rock Rb/Sr from the 
Chiwaukum Schist to obtain an isotopic signature for the unit (Figures 17 and 18).
The resulting data set, shown in Figure 17, has ^’Rb/^^Sr values ranging from 0.12 to 
1.48 (with one somewhat anomalous value of 26.1) and a well defined slope. The 
data set yields a whole rock "scatterchron" age of 210 ± 22 Ma and has an initial 
*^Sr/*^Sr value of 0.7043 ± 0.0003.
A Rb/Sr isotopic signature based on eighteen samples from the Settler Schist is 
shown in Figure 17. Gabites (1985) combined eleven additional Rb/Sr whole rock 
analyses with seven samples from Bartholomew (1979) to obtain an errorchron age of 
210 ± 27 Ma and an initial ^’Sr/^^Sr value of 0.7043 for the Settler Schist. Gabites et 
al. (in press) interpret the Rb/Sr isochron age to represent either Late Triassic to Early 
Jurassic deposition of the protolith sediments or possibly a slightly older sediment 
with its age partially reset. The presence of Precambrian detrital zircons in the Settler 
Schist (Gabites, 1985) indicates that some component of the sediment source was 
significantly older, but the low initial *^Sr/®^Sr ratio of the data set suggests a short 
crustal residence time for much of the source.
Gabites et al. (in prep.) compare the Rb/Sr isotopic signature of the Settler 
Schist (Gabites, 1985) with Magloughlin’s (1986) data for the Chiwaukum Schist and 
find that the strong similarities between the data sets support a correlation between 
these two units.
The similarity between the Rb/Sr isotopic signatures of the two units supports
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the Chiwaukum-Settler Schist correlation previously suggested by comparison of 
lithologies and metamorphic and intrusive histories (Lowes, 1972). The Chiwaukum 
and Settler Schists appear to share a depositional and metamorphic history prior to 
Tertiary offset of up to 180 km along the Straight Creek/Fraser River Fault (Misch, 
1977). The similarity of the range of '''Rb^Sr values, the initial '^Sr^Sr intercept, 
and the slopes of data from the Tonga Formation, the Settler Schist, and the 
Chiwaukum Schist (Figure 17) indicates that these three units probably have common 
depositional settings and protolith ages.
The Darrington Phyllite
The Darrington Phyllite has a noticeably different Rb/Sr isotopic signature from 
the Chiwaukum Schist and the Settler Schist (Figure 18), which has been cited by 
Gabites (1985) as evidence distinguishing the two units. The Darrington Phyllite data 
range to much higher *^Rb/*®Sr values, with a maximum value of 7.0 as compared to 
2.5 for the Tonga Formation, and have a higher initial *'^Sr/®^Sr ratio of 0.7055 
(Armstrong and Misch, 1987). The Rb/Sr isochron age defined by the Darrington 
Phyllite data set yields a date of about 130 Ma, which Armstrong and Misch (1987)
interpret as the time of metamorphism.
Monger (1991) views the Rb/Sr data sets of the Chiwaukum Schist, Settler 
Schist, and Darrington Phyllite as indistinguishable; however, his analysis applies only 
to *^Rb/*^Sr values between 0 and 2, where corresponding *^Sr/*^Sr values in the three 
units overlap considerably. The slope of the Darrington Phyllite isotopic signature is
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shallower than the signatures of the other three units when data for the whole range of 
*^Rb/**Sr values are compared. When the maximum uncertainty of the regression lines 
for each data set are plotted using the errors in slope (derived from age) and initial 
(Figure 19), the data sets overlap between ®’Rb/*®Sr values of 0-2; however, 
the data sets diverge significantly at higher ®^Rb/*^Sr values and at very low *^Rb/*®Sr 
values and, therefore, are significantly different.
Because *'^Rb/®^Sr values are a product of protolith chemistry and are relatively 
insensitive to diagenetic and metamorphic processes, the range of ®^Rb/*®Sr values of a 
unit is a characterization of its protolith lithologic assemblage and chemistry. The 
much higher range of ®''Rb/*^Sr values in the Darrington Phyllite compared to the 
Tonga Formation (and the Chiwaukum and Settler Schists) indicates a contrast in 
protolith chemistry between the two units.
The initial *^Sr/*^Sr ratio and slope of an Rb/Sr isotopic signature result from a 
combination of original protolith composition and subsequent alteration during 
metamorphism. Comparison between the Rb/Sr isotopic signature of the Tonga 
Formation and that of the Darrington Phyllite reveals strong evidence that the Tonga 
Formation does not represent Darrington Phyllite that has been altered by Late 
Cretaceous Barrovian metamorphism. If this were the case, the initial *’Sr/*^Sr ratio 
of the Tonga Formation would be expected to be higher than that of the Darrington 
Phyllite due to resetting during metamorphism. The slope of the Tonga Formation 
data would be expected to be lower than that of Darrington Phyllite data because there 
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which would have been reset to horizontal during Barrovian metamorphism (Faure, 
1986). In actuality, however, the Tonga Formation Rb/Sr isotopic signature has a 
lower ^Sr^Sr initial ratio and a steeper slope than the Barrington Phyllite, indicating 
that the Tonga Formation could not have formed from Barrington Phyllite.
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IV. METAMORPHISM
Tonga Formation and Chiwaukum Schist in the study area have experienced a 
common metamorphic history involving both Buchan metamorphism and at least one 
episode of Barrovian metamorphism.
Metamorphic isograds were mapped by field observation and petrographic 
study of metamorphic minerals in over 200 thin sections from the Tonga Formation 
and adjacent Chiwaukum Schist (Plate 1). Stops referenced in the text are also shown 
on Plate 1. Additional data on metamorphic mineral occurrence were obtained from 
Yeats (1958) and Heath (1971).
Geobarometry on samples from the Tonga Formation and Chiwaukum Schist 
was carried out in order to obtain a quantitative estimate of pressure and temperature 
conditions during metamorphism, and on the Excelsior Mountain Orthogneiss to obtain 
an estimate of the depth of emplacement of the protolith pluton.
Contact Metamorphism
Tonaa Formation
Surrounding the main body of the Beckler Peak Stock is a contact aureole 
defined by the occurrence of biotite and porphyroblasts of andalusite, staurolite, and 
garnet in phyllites of the Tonga Formation.
Well-preserved pink chiastolitic andalusite porphyroblasts, staurolite 
porphyroblasts, and garnet (Figure 20) occur in biotite phyllite on the southwest flank
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Figure 20. Photomicrograph (in plane-polarized light) of Tonga Formation andalusite- 
staurolite-biotite phyllite near the southwest margin of the Beckler Peak Stock (Sample 
173-215). Long axis of photo = 16.3 mm.
Figure 21. Photomicrograph (in plane-polarized light) of sericite pseudomorphs after 
andalusite and staurolite in Tonga Formation chlorite phyllite from the railroad cut 
southeast of the Beckler Peak Stock (Sample 173-23b). Long axis of photo = 16.3 mm.
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of Beckler Peak and along the northeast margin of the stock in the Harlan Creek 
drainage. Sericite pseudomorphs after andalusite and staurolite (Figure 21) were 
collected from chlorite phyllite in the railroad cut south of the Tye River.
The occurrence of biotite south of the regional metamorphic biotite isograd 
(Plate 1) is limited to the immediate surroundings of the Beckler Peak Stock. Away 
from the stock, phyllites are regionally metamorphosed to chlorite grade, which 
suggests that growth of biotite near the pluton is related to additional heat available 
from the Beckler Peak Stock. Some of the biotite in the Beckler Peak contact aureole 
is aligned to form a foliation that wraps around contact-metamorphic minerals.
Timing constraints on Barrovian metamorphism indicate that it occurred very soon 
(- 5 Ma) after intrusion of 90 Ma plutons, therefore, the rocks near the plutons may
have been hot when Barrovian metamorphism occurred.
Although no cordierite was observed in the samples collected for this study, 
Yeats (1958) noted the occurrence of cordierite in Tonga Formation phyllites 
associated with the margin of the Beckler Peak Stock on Tonga Ridge.
Chiwaukum Schist
Occurrences of relict or pseudomorphed andalusite porphyroblasts, cordierite, 
and some sillimanite have been previously noted at several localities near the margins 
of the Mount Stuart Batholith and the Sloan Creek Orthogneiss (Figure 22). Yeats 
(1958) observed andalusite, partly replaced by sillimanite, on the north side of Johnson 
Ridge. Plummer (1969) observed andalusite in many localities in the southeastern
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Figure 22. Distribution of relict and pseudomorphed andalusite in the southern 
crystalline core. (Data from Oles, 1956; Plummer, 1969; Heath, 1971, Kaneda, 1980, 
Evans and Beni, 1986; and Brown, personal communication 1991; this study).
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Chiwaukum Schist, all in close proximity to the margins of the Mount Stuart 
Batholith. Kaneda (1980) found abundant andalusite in the Lake Edna area. Evans 
and Berti (1986) describe andalusite, partly replaced by sillimanite, in the narrow 
septum of Chiwaukum Schist between two large bodies of the Mount Stuart Batholith 
near Tunnel Creek. Oles (1956) observed pseudomorphed andalusite on Rock 
Mountain. E.H. Brown (pers. comm., 1991) collected andalusite replaced by 
sillimanite on the north side of Nason Ridge and east of Grizzly Peak. Heath (1971) 
noted two occurrences of andalusite replaced by sillimanite in Chiwaukum Schist near
the margins of the Sloan (jreek Orthogneiss.
Several localities in the southwestern Chiwaukum Schist with preserved or 
relict andalusite were identified during the course of this study. Well-preserved 
chiastolitic andalusite is abundant in fine-grained gamet-cordierite-biotite schist (Stop 
254; Figure 23) in the narrow septum of Chiwaukum Schist between two large bodies 
of the Mount Stuart Batholith southeast of Captain Point. While most thin sections 
from this locality contain andalusite as the only aluminosilicate phase, one sample 
contains several prisms of sillimanite, which are apparently replacing andalusite.
Slightly to the north at Scorpion Mountain, an andalusite porphyroblast, mostly 
replaced by sericite, was found. Large andalusite porphyroblasts, some of which are 
reacting to sillimanite, have been described by Evans and Berti (1986) further south 
near Tunnel Creek. The sillimanite at this locality has been interpreted as a product of 
continued heating of the wall rock during contact metamorphism (Evans and Berti, 
1986). Plummer (1969) invokes a similar explanation for partial replacement of
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Figure 23. Photomicrograph (in cross-polarized light) of chiastolitic andalusite and 
cordierite (yellowish, inclusion filled area to the right of andalusite) porphyroblasts in 
Chiwaukum gamet-biotite schist south of Captain Point (Sample 173-254i). Long axis 
of photo - 16.3 mm.
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andalusite porphyroblasts by prismatic sillimanite in Chiwaukum Schist to the 
southeast in the Chiwaukum Mountains.
Well-preserved chiastolite forms replaced by prismatic sillimanite were 
observed in gamet-biotite-cordierite schist on the Rapid River Road (Stop 180; Figure 
24).
Evidence for growth of contact-metamorphic andalusite near the margins of the 
Sloan Creek Orthogneiss previously noted by Heath (1971) occurs on the ridge east of 
Curry Gap, where chiastolitic andalusite has been replaced by sillimanite (Stop 220). 
Deformed squarish knots of muscovite and staurolite (Figure 13) in gamet-biotite 
schist just north of the Excelsior Mountain Orthogneiss are also interpreted as 
pseudomorphed andalusite porphyroblasts.
Cordierite commonly accompanies andalusite in Chiwaukum Schist near the 
margins of the Mount Stuart Batholith. Cordierite has been described by Plummer 
(1969), Kaneda (1980), and Evans and Berti (1986), all of whom have interpreted it as 
a product of contact metamorphism.
Cordierite was observed in several localities in the southwestern Chiwaukum 
Schist. Cordierite in gamet-biotite-andalusite schist on the south side of Alpine Baldy 
(Sample 164-217; Figure 25) is highly poikilitic and contains inclusion trails of opaque 
minerals which are continuous with the external foliation. As described by Plummer 
(1969) in the Chiwaukum Mountains, some layers in the schist consist almost entirely 
of poikiloblastic cordierite with biotite inclusions. (The alternation between quartz- 
rich and pelitic layers in this rock is either a foliation parallel to sedimentary layering
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Figure 24. Photomicrograph (in plane-polarized light) of sillimanite after chiastolitic 
andalusite in Chiwaukum gamet-cordierite-biotite schist on the Rapid River Road 
(Sample 173-180b). Long axis of photo = 16.3 mm.
Figure 25. Photomicrograph (in plane-polarized light) of andalusite and staurolite 
porphyroblasts in cordierite-biotite Chiwaukum Schist near Alpine Baldy (Sample 164- 
217). Long axis of photo =16.3 mm.
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or a complete metamorphic transposition of original compositional layers.) Cordierite 
was also observed on Evergreen Mountain (Stop 175), in association with sillimanite 
south of Captain Point (Stop 254), and on the Rapid River Road (Stop 180).
Regional Metamorphism
Tonga Formation
Tonga Formation metasediments expose a continuous metamorphic transect 
(Plate 1; Figure 26) from chlorite grade phyllite on Tonga Ridge up to gamet- 
staurolite grade schist at the southern margin of the Excelsior Mountain Orthogneiss. 
This rapid increase in metamorphic grade over a relatively short distance suggests a 
strong pressure-temperature gradient from south to north during peak regional 
metamorphism.
The regional metamorphic mineral isograds mapped in the Tonga Formation 
represent the widespread occurrences of biotite, garnet, and staurolite, respectively.
The isograds trend to the northeast and are roughly parallel to one another.
South of the biotite isograd, Tonga metasediments away from the influence of 
the Beckler Peak Stock contain abundant fine-grained chlorite and sericite.
Near the northern end of the Beckler Peak Stock, biotite appears in Tonga 
Formation phyllites and dominates to the north as the mineral defining the foliation. 
Biotite is most abundant in pelitic layers but is also present in more sandy layers.
Garnet in Tonga Formation metasediments is small, euhedral, and usually lacks 
visible zoning or inclusion trails. The garnet isograd is not a clearcut line but seems
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Figure 26. Distribution of regional metamorphic isograds in the Chiwaukum Schist 
and Tonga Formation. (Data from Yeats, 1958; Plummer, 1969; Heath, 1971; Kaneda, 
1980; Evans and Berti, 1986; Tabor et al., 1987a, 1988; this study).
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to be a zone of transition; it does, however, have a clear northeast trend across the 
Tonga Formation.
The staurolite isograd has a well-defined northeast trend. Staurolite forms 
euhedral prisms, commonly twinned, and containing zoned layers of dusty opaque 
inclusions (Stop 112; Figure 27).
Greenschists contain metamorphic chlorite and actinolite replacing larger relict 
igneous hornblende crystals. In the higher grade parts of the Tonga Formation, 
calcareous sands interbedded with pelitic sediments have been metamorphosed to 
hornblende-garnet semischist.'
Chiwaukum Schist
Regional metamorphism in the Chiwaukum Schist produced sub-staurolite 
grade to kyanite and sillimanite grade schists over a large area. Metamorphic grade 
decreases to the southwest away from the highest grade rocks, which occur in the 
northwest trending migmatitic core of the unit.
A compilation (Figure 26) of metamorphic mineral isograds in the Chiwaukum 
Schist indicates the tentative southern extension of a regional sillimanite isograd in the 
central part of the unit mapped by Tabor et al. (1988). In this area, sillimanite occurs 
in schist some distance away from the margins of the Mount Stuart Batholith and 
Sloan Creek Orthogneiss, therefore it is more likely to be related to a regional 
metamorphic event than to contact metamorphism.
50
Figure 27. Photomicrograph (in plane-polarized light) of Tonga Formation staurolite- 
garnet-biotite schist from the West Cady Creek Road (Sample 173-112b). Long axis 
of photo =16.3 mm.
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Easton Metamorphic Suite
Greenschists collected west of the projected trace of the Straight Creek Fault 
contain blue amphibole, much higher amounts of epidote than is seen in greenschists 
in the Tonga Formation to the east, and calcium carbonate.
Blue amphibole was observed in sample 173-184 (Figure 11), collected in the 
railroad cut east of Anthracite Creek. Most of the sample consists of fine grained blue 
amphibole and chlorite with abundant anhedral to euhedral epidote. Calcite occurs in 
some layers and in veins. A less altered layer consists of well aligned blue amphibole 
needles and epidote in a matrix of fine quartz and feldspar.
Thermobarometry
Ten samples from the Tonga Formation and the Chiwaukum Schist were 
selected for thermobarometry (Figure 28). Rocks with appropriate mineral 
assemblages for thermobarometry are scarce in the Tonga Formation; all of the 
analyzed samples are from the northern part of the unit (north of the garnet isograd 
shown on Plate 1). A homblende-biotite orthogneiss from Excelsior Mountain was 
analyzed to obtain an estimate of the pressure at the time of crystallization of the 
protolith pluton. Metasedimentary samples from the Tonga Formation and 
Chiwaukum Schist to the north and east were analyzed to obtain estimates of peak 
metamorphic conditions and to check for continuity of metamorphic conditions across 
the previously defined unit boundaries. Table 1 shows the calculated pressures and 
temperatures for each sample.
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Figure 28. Locarions of thermobarometry samples analyzed for this study. Results are 
summarized in Table 1. See Figure 4 for key to units.
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Table 1. Geothermobarometry results. Sample IcKations are shown on Figure 28. Microprobe 
data are listed in Appendix C.
Sample Unit Latitude Equilibrium Press. Temp. A12Si05
number Longitude (Kbars) (C)
1. 173-19a Tonga Formation 47 52. r 
121 i9.r
GAHB, GAHP 7.1 550 -
2. 173-35i It 47 52.8’ 
121 19.3’
GABI - 539 "
173-116b tt 47 53.1’ 
121 19.4’
GASP <4.3 “ (And.)*
3. 173-60C It 47 54.9’ 
121 18.6’
GAHB, GAHP 7.0 516 "
4. 173-137b Excelsior Ogneiss 47 54.7’ 
121 17.3’
Al-hblde 2.7 - “
5. 173-169a Chiwaukum Schist 47 56.7’
121 17.4’
GAMI, GABI 7.0 638 •
6. 173-171d It 47 55.6’ 
121 16.3’
GAMI, GABI 5.3 597
7. 173-180a M 47 49.4’ 
121 13.5’
GASP, GABI 3.7 591 Sill.
8. 173-222a tt 48 0.1’ 
121 17.6’
GASP, GABI 5.8 635 Ky.
9. 173-227a tt 47 52.7’ 
121 9.6’
GASP, GABI 3.3 596 Sill.
10. 173-243 M 47 55.8’ 
121 10.5’
GASP, GABI 4.0 594 Sill.
11. 173-254i ft 47 46.3’ GASP, GABI 2.9 560 Sill.
Al-hblde = Aluminum in hornblende (Johnson and Rutherford, 1989)
GABI = garnet-biotite Fe-Mg exchange (Berman, 1991)
GAHB = garnet-hornblende Fe-Mg exchange (Graham and Powell, 1984)
GAHP = garnet-hornblende-plagioclase (Kohn and Spear, 1990)
GAMI = garnet-biotite-muscovite-plagioclase (Berman, 1991)
GASP = garnet-aluminum silicate-plagioclase-quartz (Berman, 1991)
*Andalusite is not present in this sample. It was used to obtain a pressure maximum.
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Analyses were carried out by Dr. E.H. Brown on the JOEL electron microprobe 
at the University of Washington. Totals of two to five spots distributed over two or 
more crystals of each mineral were averaged to obtain representative compositions. 
Microprobe data are listed in Appendix C. Unless otherwise noted, garnet rim 
compositions are used.
The aluminum content of igneous hornblende, using the calibration of Johnson 
and Rutherford (1989), was used to calculate the pressure at the time of crystallization 
of the Excelsior Mountain Orthogneiss. Although parts of the orthogneiss contain a 
strong foliation, suggesting possible recrystallization during metamorphism, 
orthogneiss from the summit of Excelsior Mountain chosen for analysis is almost 
undeformed. Hornblende crystals in the analyzed sample have an igneous texture 
(Figure 14a). Staining reveals that the sample contains a small amount of potassium 
feldspar. The calculated pressure of 2.7 kilobars suggests a relatively shallow 
emplacement depth for the Excelsior Mountain Orthogneiss.
Three equilibria were used to calculate metamorphic pressures. For 
aluminosilicate-bearing pelitic rocks, the equilibrium grossularite + aluminum silicate 
-I- quartz = anorthite (GASP) was used (calibration of Berman, 1991). For muscovite­
bearing pelitic rocks, the garnet-biotite-muscovite-plagioclase (GAMI) barometer was 
used (calibration of Berman, 1991). For the hornblende schist from the Tonga 
Formation, the garnet-hornblende-plagioclase barometer (GAHP) was used (Kohn and 
Spear, 1990).
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The garnet-biotite Fe-Mg exchange thermometer (GABI) (calibration of 
Berman, 1991) was used to calculate metamorphic temperatures for pelitic samples, 
while the garnet-hornblende Fe-Mg exchange thermometer (Graham and Powell, 1984) 
was used for a hornblende-bearing schist from the Tonga Formation.
Previous studies in the crystalline core (Brown and Burmester, 1991) have
shown that the error range for pressures obtained by barometry using various equilibria
is ± 1 kilobar, while the error range for temperatures derived from thermometry is ±
50” C.
Barometry results
Mineral analyses from the pair of samples near Jack Pass in the Tonga 
Formatron, 173-35i and 173-116b, were combined to estimate metamorphic conditions 
in this area. A temperature estimate of 539° C was obtained by GABI thermometry 
on sample 173-35r. Applying this temperature to sample 173-116b (which lacks 
biotrte), a pressure of 4.3 kilobars was calculated using GASP. This sample lacks 
aluminum silicate, so the pressure value obtained is a maximum.
The two hornblende-bearing schists analyzed from the Tonga Formation 
yielded high pressures of around 7 kilobars. A strong discrepancy is found between 
the 7 kilobars estimated for sample 173-19a and <4.3 kilobars calculated for the 
nearby sample 173-116b. A 7.1 kilobars pressure for sample 173-60c not far to the 
north at Goblin Creek and a pressure of 7.0 kilobars for schist just north of the
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Excelsior Mountain Orthogneiss seem consistent with the higher pressure obtained for 
173-19a rather than the <4.3 kilobars result.
Several pressures of around 7 kilobars from the northern part of the Tonga 
Formation and Chiwaukum Schist just north of the Excelsior Mountain pluton are in 
contrast to peak metamorphic pressures of < 3.7 kilobars near the Beckler Peak stock 
(as suggested by the stability of contact metamorphic andalusite throughout regional 
metamorphism).
The apparent discontinuity in pressures across the Evergreen Fault may be a 
result of the influence of the Mount Stuart Batholith on samples east of the fault. 
Samples from Chiwaukum Schist in the vicinity of the Mount Stuart Batholith record 
lower pressures than samples farther away from the influence of the pluton. Evans 
and Berti (1986) and Brown and Walker (ms in review) have suggested that 
metasediments near the contact with the Mount Stuart Batholith may not have 
equilibrated to peak conditions during regional metamorphism. More barometric study 
is needed around the margins of the Mount Stuart Batholith in order to better define 
the positions of regional metamorphic isobars.
Thermometry results
Temperatures obtained by thermometry in the Tonga Formation and nearby 
Chiwaukum Schist (Table 1) indicate only a small variation in peak metamorphic 
temperatures from 515 °C to 640 °C over the area studied. The temperatures generally
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increase from southwest to northeast, roughly parallel to the increase in pressures 
obtained from barometry.
Regional thermobarometry
Figure 29 is a compilation of pressures (after Brown and Walker, ms in 
review) obtained by barometry in the southern crystalline core including data obtained 
during this study from the Tonga Formation and nearby Chiwaukum Schist (Table 1). 
Pressures derived from older analyses have been recalculated from original data using 
new constants and calibrations of Berman (1991) and Kohn and Spear (1990) for 
equations including garnet, and the calibration of Johnson and Rutherford (1989) for 
the aluminum-in-hornblende barometer. Data from the Tonga Formation and the 
Chiwaukum Schist define a steep metamorphic gradient with pressures decreasing 
rapidly from north to south on the southwestern edge of the crystalline core from 7-8 
kilobars in the core of the Chiwaukum Schist to 2-3 kilobars in Chiwaukum Schist 
southwest of the Mount Stuart batholith and in the southern Tonga Formation.
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Figure 29. Barometry on peak metamorphic assemblages in the southern crystalline 




Deformational fabric elements in the Tonga Formation include a well- 
developed foliation and crenulation, folds, and rare stretching and mineral lineations.
Foliation
Foliation (Figure 30) throughout the Tonga Formation strikes to the northwest 
and dips variably to the northeast. The widespread preservation in the Tonga 
Formation both of sedimentary structures in metasediments and of igneous textures in 
some greenschists demonstrates the low degree of recrystallization of much of the unit, 
despite the presence of a well-developed foliation in the finer-grained metasediments 
(weaker in metamorphosed sandstones).
The foliation (Sj) is defined by the alignment of elongate flakes of chlorite and 
muscovite in lower grade rocks and biotite in higher grade rocks, in addition to 
elongation of quartz and feldspar grains. Foliation in Tonga Formation metasediments 
is mostly parallel to depositional layering (Sq), which is defined by alternating pelitic 
and quartz-rich layering and by banding defined by variation in abundance of fine 
carbonaceous dust. Foliation crosscutting bedding at a sharp angle was observed in 
several outcrops and thin sections, which suggests that the observed foliation is not 
preceded by earlier foliations. In sample 173-120 (Figure 31) biotite foliation is at a 




Figure 30. Foliation attitudes in the Tonga Formation and adjacent Chiwaukum 
Schist. See Figure 4 for key to units.
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Figure 31. Photomicrograph (in plane-polarized light) of foliation, defined by the 
alignment of biotite, crosscutting lithologic layering (bedding?) and the boundary of a 
shale fragment (Sample 173-120). Long axis of photo = 16.3 mm.
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(assumed to define an originally horizontal surface). Rare thin-section scale folded 
quartz veins with axial planes parallel to Sj imply the presence of larger folds with 
axial planar foliation.
Regional metamorphic minerals in the Tonga Formation, namely biotite, 
staurolite (Figure 20), and garnet, crystallized after the foliation formed. Offset of 
graphitic inclusion trails inside biotite (Figure 32) and staurolite indicate that 
metamorphic porphyroblasts in some samples have rotated since crystallization while 
in other samples inclusion trails are continuous with the external fabric. Therefore, 
although the equant shape of biotite crystals and the variation in amount of rotation 
between adjacent porphyroblasts in the same section suggest static crystallization of 
biotite and staurolite, some deformation followed regional metamorphic mineral 
growth.
Crenulation of S,
Continued deformation, or possibly a second deformational event, is 
responsible for the formation of abundant well-developed crenulations of the Sj surface 
(Figure 33) in the Tonga Formation.
Mineral lineations
Mineral lineations in the Tonga Formation are rare. Amphiboles in 
greenschists and amphibole-bearing sandy schists are generally aligned on the foliation
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Figure 32. Photomicrograph (in plane-polarized light) of offset of graphitic inclusion 
trails in biotite porphyroblasts in Tonga Formation on the west side of the Decider 
River (Sample 173-13). Long axis of photo = 3.2 mm.
Figure 33. Photomicrograph (in plane-polarized light) of crenulations in Tonga 
Formation chlorite-sericite phyllite (Sample 173-52a). Long axis of photo = 16.3 mm.
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surface, although the degree of alignment varies considerably. These are difficult to 
measure in the field because of the small grain size of the rocks.
Stretching lineations
Stretching lineations are defined by deformed clasts in metaconglomerates and 
porphyroclasts in metaporphyries. The two exposures of stretched-pebble 
conglomerates found in the Tonga Formation were both slumped and unsuitable for 
accurate measurement of the lineation. Because of the small grain size of the 
porphyries, the lineation is difficult to measure in the field. One lineation measured 
on a metaporphyry south of Goblin Creek (Stop 173-60) has an orientation of 180, 10°.
Faults
Important faults bounding the Tonga Formation are the Evergreen Fault, the 
Tonga Ridge Fault, and the Straight Creek Fault (Figure 34).
The Evergreen Fault
The location of the Evergreen Fault is defined by the juxtaposition of rocks of 
contrasting metamorphic grade and in some places by contrasting rock types. The 
fault is commonly topographically expressed by breaks in slope and by stream valleys. 
The Evergreen Fault was observed by Yeats (1958) to dip 50° to the east in the Rapid 
River valley.
The fault has been mapped by Tabor et al. (1982a) as dying out along Quartz
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Figure 34. Faults bounding the Tonga Formation.
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Creek. The northernmost farthest north of the units visibly truncated by the 
continuous strand of the Evergreen Fault is the Excelsior Mountain Orthogneiss, or 
perhaps the small Sloan Creek Orthogneiss body in the Quartz Creek drainage (where 
exposure is poor). Several short north-south trending faults along strike to the north 
probably reflect partitioning of the main Evergreen Fault.
Across the southern part of the Evergreen Fault there is a pronounced contrast 
in metamorphic grade and degree of recrystallization. The southern end of the 
Evergreen Fault juxtaposes garnet- and staurolite-bearing schist of the Chiwaukum 
Schist against chlorite phyllites of the Tonga Formation. The most southerly 
exposures of Chiwaukum Schist on the east side of the fault retain little of their 
original sedimentary character, although layering in schists on Alpine Baldy may be 
sedimentary in origin. Although a staurolite isograd has been mapped by Plummer 
(1980) in Chiwaukum Schist to the east, it is not clear whether garnet and staurolite in 
schists on Alpine Baldy are the product of regional metamorphism or of contact 
metamorphism by the nearby Mount Stuart Batholith. The higher degree of 
recrystallization in rocks east of the Evergreen Fault may be due to the extended 
period of high temperature conditions (probably accompanied by high fluid flow) 
experienced by these rocks during intrusion of the Mount Stuart Batholith.
Contrast in metamorphic grade across the Evergreen Fault remains noticeable 
south of the regional staurolite isograd in the Tonga Formation, but decreases 
gradually up to West Cady Creek. At the next relatively well-exposed location to the 
north, Curry Gap, there is no significant contrast in degree of recrystallization across
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the fault, perhaps because of the high-grade nature of rocks on both sides of the fault. 
However, the transition from kyanite schist to the west to sillimanite schist (Heath, 
1971) on the east side of Curry Gap across the trace of the fault suggests that there 
has been some offset here also.
The gradual disappearance of the Evergreen Fault to the north seems to rule 
out a significant strike-slip motion. The decreasing contrast in metamorphic grade and 
degree of recrystallization to the north across the fault suggests that dip-slip offset had 
a kind of scissors motion, with relatively small offset at the northern end of the fault 
and perhaps much larger amount of offset on the southern end of the fault. In the 
hinge zone at the northern end of the fault, offset has probably been partitioned along 
several short parallel faults in line with the trend of the main Evergreen Fault.
Truncation of the 90 Ma Excelsior Mountain Orthogneiss indicates that some 
motion on the fault has occurred since its intrusion. On the west side of Tonga Ridge, 
the Tonga Formation is uncomformably overlain by Swauk Formation sediments. At 
its southern end, the Evergreen Fault offsets Swauk Formation sandstones (McDougall, 
1980). Sediments of the Swauk Formation are interlayered with the Silver Pass 
volcanic member, which has been dated by fission-track on zircon at 52 Ma (Gresens 
et al., 1977; Tabor et al., 1984).
McDougall (1980) has estimated stratigraphic offset on the Tonga Ridge 
section of the Evergreen Fault at approximately 2 km by calculating offset of a 
southwest-dipping Swauk Formation conglomerate unit identifiable on both sides of 
the fault. A source of possibly large uncertainty in this estimate comes from unknown
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surface relief during Swauk deposition. In any case, post-Swauk offset may account 
for only part of the movement history of the Evergreen Fault. Sense of motion 
suggested by offset of the Swauk sediments is west side up, while the contrast 
between higher grade metamorphic rocks on the east with lower grade Tonga phyllites 
on the west suggests west side down motion.
The Evergreen Fault is cross-cut by the 25 Ma (Tabor et al., 1982a) 
Snoqualomie Batholith to the south, indicating that it has not moved since that time.
Tonga Ridge Fault
The fault on the southwest side of Tonga Ridge, first identified by Yeats 
(1977), which places Swauk Formation sediments on the west against poorly exposed 
Tonga phyllite to the east was named the Tonga Ridge Fault by McDougall (1980). 
Small pods of ultramafic rocks and tectonic slices of Beckler tonalite are apparently 
caught up along what McDougall suggests is the western boundary fault of a horst of 
pre-Tertiary rock on Tonga Ridge. This fault merges with the Evergreen Fault near 
the southern end of Tonga Ridge, south of which the structure can be traced along a 
zone of shearing in Swauk sediments until it is truncated by the Snoqualamie 
Batholith.
Straight Creek Fault
The Straight Creek-Fraser River Fault is a major regional dextral strike-slip 
fault active in Paleogene time. North of the Tonga Formation, the fault juxtaposes
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rocks of the Easton Metamorphic Suite with Chiwaukum Schist and Sloan Creek 
Orthogneiss of the crystalline core. In the Skykomish area, the fault is not exposed, 
but its presence has been inferred because of the contrasting metamorphic histories 
between the blue amphibole-bearing Easton Metamorphic Suite and the Tonga 
Formation (Tabor et al., in press).
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VI. RELATIVE TIMING OF DEFORMATION AND METAMORPHISM
Introduction
The sequence and age of deformational and metamorphic episodes in the 
southwestern crystalline core can be constrained by relative timing of the intrusion of 
plutons and associated growth of contact metamorphic minerals, the growth of regional 
metamorphic minerals, and development of deformational fabric.
Evans and Berti (1986) used relationships between growth of metamorphic 
minerals and metamorphic textures in combination with geobarometry to argue that 
contact metamorphism in the Chiwaukum Schist preceded high-grade regional 
metamorphism. This interpretation of the relative timing of metamorphic events is in 
contrast to the previously widely accepted view that contact metamorphism followed 
high-grade regional metamorphism (Plummer, 1969, 1980).
Textural evidence from the Tonga Formation and Chiwaukum Schist observed 
in thin section provides additional support for the sequence of events described by 
Evans and Berti (1986). Contact metamorphism associated with intrusion of the 
Beckler Peak Stock and Excelsior Mountain Orthogneiss predates high-grade 
Barrovian metamorphism in the Chiwaukum Schist and Tonga Formation.
Sequence of events
Onset of deformation
A maximum age constraint on the onset of deformation in the northern part of
71
the Tonga formation is provided by the presence of 96 million year old 
metamorphosed porphyntic dacitic dikes. The growth of euhedral feldspar phenocrysts 
in the dikes indicates that they did not experience deformation at the time of 
crystallization. Subsequent deformation created a fabric defined by elongate matrix 
quartz and feldspar and stringers of biotite. Biotite bends around rotated and deformed 
phenocrysts of feldspar and polycrystalline quartz (see Figure 9). The metamorphic 
grade and degree of strain exhibited by the metaporphyries is consistent with that of 
the surrounding metasediments. Fabric in the metaporphyries is parallel to the 
regional fabric.
Deformation preceding plutonism
Several forms of evidence indicate that deformation was active before the 
widespread plutonism at 96-90 Ma, which included intrusion of the Mount Stuart 
Batholith, Beckler Peak Stock, Sloan Creek plutons, and Excelsior Mountain pluton.
Near the margin of the Mount Stuart Batholith, Evans and Berti (1986) 
describe contact metamorphic andalusite and cordierite overprinting crenulated S 
surfaces defined by graphite and fine-grained biotite, respectively. Timing of pre- 
pluton deformation in the Chiwaukum Schist is poorly constrained and could represent 
either the early stages of a single Late Cretaceous event or an earlier unrelated 
deformational episode.
Some contact metamorphic minerals in Tonga Formation phyllites in the 
Beckler Peak contact aureole grow across pre-existing deformational fabrics. In
72
sample 173-189e (Figure 35), a staurolite porphyroblast clearly crosscuts folded 
compositional layers. Preservation of sedimentary structures in the Tonga Formation 
suggests that these rocks have experienced only one major deformational episode. 
Pre-pluton fabrics in the Tonga Formation are therefore thought to represent early 
deformational fabrics from a single, probably continuous, deformational event.
The lack of foliation in the Beckler Peak Stock could be an indication that 1) 
the most intense period of strain in the southern part of the Tonga Formation pre-dated 
intrusion of the stock, or 2) that the tonalite of the stock was more resistant to regional 
deformation than surrounding metasediments, or 3) that intrusion of the stock caused 
the wallrock fabric.
The presence of well-foliated xenoliths of cummingtonite schist on the summit 
of Excelsior Mountain, where the orthogneiss is only weakly foliated, suggests that 
deformation of the metasediments probably occurred before intrusion by the Excelsior 
Mountain pluton.
Deformation during plutonism
Metamorphic textures in plutonic rocks and metasediments in the southwestern 
crystalline core indicate that intrusion of 96-88 million year old plutons in the 
Chiwaukum Schist was synchronous with ongoing deformation.
Magmatic and solid-state lineations in the Mount Stuart Batholith indicate that 
northeast-southwest contraction was active during and after emplacement of the pluton 
(Paterson and Miller, 1991).
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Figure 35. Photomicrograph (in plane-polarized light) of a staurolite porphyroblast 
growing across folds of compositional layers in Tonga Formation biotite phyllite near 
the northeastern margin of the Decider Peak Stock (Sample 173-189e). Long axis of 
photo = 5.1 mm.
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In the Chiwaukum Mountains, Plummer (1969) observed that in most of his 
samples andalusite was aligned to form a lineation parallel to foliation, suggesting syn- 
kinematic crystallization. The same andalusite porphyroblasts are rotated, indicating 
that deformation in the Chiwaukum Mountains was active both during and after 
growth of contact metamorphic minerals associated with intrusion of the Mount Stuart 
Batholith.
In the Chiwaukum Schist near Tunnel Creek, undeformed sillimanite has grown 
in cracks and openings in deformed andalusite porphyroblasts immediately adjacent to 
the Mount Stuart Batholith. Evans and Berti (1986) interpret this reaction texture as a 
sign that additional heating of the metasediments occurred after the growth of 
andalusite as intrusion proceeded, causing P-T conditions to move from andalusite to 
sillimanite stability. This conclusion is supported by the probable location of the 
regional sillimanite isograd farther north. Deformation of the andalusite therefore 
accompanied continued intmsion of the batholith (Evans and Berti, 1986). Sillimanite 
replacing andalusite in Chiwaukum Schist south of Captain Point probably formed by
f-
the same process.
Alignment of pseudomorphed andalusite porphyroblasts (Sample 173-220i,
f
Figure 36) in Chiwaukum Schist near the Sloan Creek Orthogneiss suggests that 
deformation accompanied intrusion and contact metamorphism in the Curry Gap area.
Longtine (1991) cites fabric evidence for synkinematic intrusion of the Sloan 
Creek pluton. The pluton crosscuts deformational fabrics in surounding Chiwaukum
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Figure 36. Photograph of aligned sillimanite pseudomorphs after andalusite 
porphyroblasts weathering out of Chiwaukum sillimanite-garnet-biotite schist from the 
ridge east of Curry Gap (Sample 173-220i).
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Schist and xenoliths of Chiwaukum Schist within the pluton contain folds of foliation. 
Magmatic foliation in the Sloan Creek pluton, defined by preferred orientation of 
mafic enclaves, xenoliths, and elongate plagioclase crystals, is parallel to metamorphic 
foliation in surrounding Chiwaukum Schist. The pluton also contains a metamorphic 
foliation defined by aligned hornblende and biotite, which is continuous with the 
countryrock foliation. These fabrics suggest that deformation was active before, 
during, and after intrusion of the Sloan Creek pluton (Longtine, 1991).
Post-pluton Deformation
Deformation of contact metamorphic minerals in the Tonga Formation and 
Chiwaukum Schist requires that deformation continued after intrusion.
In the Tonga Formation, biotite foliation bends around slightly rotated 
andalusite and staurolite porphyroblasts (Sample 173-215, Figure 37) in the contact 
aureole on the southwestern side of Beckler Peak, indicating that deformation in the 
southern Tonga Formation continued after growth of contact metamorphic minerals.
Strong foliation in the northern part of the Excelsior Mountain Orthogneiss 
suggests that deformation was active during and possibly after intrusion of the pluton 
90 million years ago. The southern part of the Excelsior Mountain Orthogneiss is 
much less deformed, possibly due to decreasing depths of burial to the south during 
deformation, which would be consistent with thermobarometry and patterns of 
occurrence of metamorphic minerals.
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Figure 37. Photomicrograph (in plane-polarized light) of biotite foliation bending 
around slightly rotated porphyroblasts of andalusite (right) and staurolite (left) in 
Tonga Formation andalusite-staurolite-biotite phyllite near the southwestern margin of 
the Beckler Peak Stock (Sample 173-215). Long axis of photo = 5.1 mm.
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The original squarish outlines of pseudomorphed contact metamorphic 
andalusite, abundant in pelitic layers of Chiwaukum Schist near the northern margin of 
the Excelsior Mountain Orthogneiss (Sample 173-169b, Figure 13), have been 
deformed.
Elongate porphyroblasts of cordierite in the Chiwaukum Schist, believed to 
have formed during contact metamorphism, have been folded (Plummer, 1969; Evans 
and Berti, 1986).
High-P metamorphism followed contact metamorphism
Minerals formed during contact metamorphism by the 88-96 million year old 
plutons in the southwestern crystalline core have been replaced by high grade 
minerals, indicating that Barrovian metamorphism followed Buchan metamorphism.
Near the northern margin of the Excelsior Mountain Orthogneiss, where peak 
regional metamorphism reached garnet-staurolite grade, probable andalusite 
porphyroblasts have been replaced by staurolite and muscovite.
Grain boundaries of andalusite in the Stevens Pass area have been overgrown 
by kyanite (Evans and Berti, 1986). Fanher nonh, andalusite porphyroblasts have 
been replaced by sillimanite on the Rapid River road (Sample 173-180a) and in the 
Sloan Peak area (Sample 173-2201; and Heath, 1971).
In the Tonga Formation, deformation followed growth of contact-metamorphic 
andalusite and staurolite, while peak metamorphism was late- to post-kinematic. This
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relationship suggests that peak regional metamorphism came after intrusion and 
contact metamorphism.
Late- to post-kinematic growth of high pressure minerals
High pressure regional metamorphic minerals in the Tonga Formation and 
Chiwaukum Schist commonly grow across deformational fabrics. Textures suggest 
that peak metamorphism occurred during the waning stages of deformation and 
continued after deformation had ceased.
As previously noted by Yeats (1958), some biotite in the Tonga Formation 
metasediments is in the form of thin flakes aligned to form foliation, while a second 
group of biotite crystals consists of larger more equant flakes with random orientation 
(Stop 3, Figure 38), suggesting post-kinematic crystallization. Garnet and staurolite 
grow across foliation and appear to have crystallized for the most part after 
deformation had ceased. Sample 173-112d (Figure 39) contains large staurolite 
porphyroblasts that have grown across bedding and (nearly parallel) foliation.
Growth of high-grade metamorphic minerals in Chiwaukum Schist away from 
pluton margins is mostly static (Plummer, 1969; Kaneda, 1980; Evans and Berti, 
1986).
In the previously mentioned sample 173-169b, just north of the Excelsior 
Mountain Orthogneiss, deformed porphyroblast outlines of contact metamorphic 
andalusite are now filled by undeformed staurolite and muscovite (Figure 13),
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Figure 38. Photomicrograph (in plane-polarized light) of equant flakes of randomly 
oriented biotite in Tonga Formation gamet-staurolite phyllite on the west side of the 
Beckler River drainage (Sample 173-3b). Long axis of photo = 16.3 mm.
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Figure 39. Photograph of Tonga biotite semischist with large staurolite porphyroblasts 
which have grown across bedding and (nearly parallel) foliation (Sample 173-112d).
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indicating that growth of peak metamorphic minerals at the location followed 
deformation of contact metamorphic minerals.
Minimum age constraints on metamorphism
A compilation of K/Ar biotite ages for the southern crystalline core shows a 
regional trend with younger ages to the north. K/Ar ages on hornblende and biotite 
date cooling (Figure 40) and place a minimum age constraint on the timing of 
metamorphism. Rocks of the southern crystalline core cooled through the Ar blocking 
temperature of biotite (around 300 °C) some time after peak metamorphism. Abundant 
K/Ar ages between 92 and 80 million years ago in the southern Chiwaukum Schist 
and Tonga Formation indicate that peak metamorphism had ceased by that time.
The timing of peak metamorphism in the southernmost crystalline core is 
therefore narrowly bracketed to between 90 million years ago, when pre- to syn- 
metamorphic plutons crystallized, and 80 million years ago, when the region had 
cooled considerably below peak metamorphic conditions.
Summary
The relative timing of intrusion of Late Cretaceous plutons and growth of 
associated low-pressure contact-metamorphic minerals, regional deformation, and 
growth of high-pressure metamorphic minerals define the sequence of events in the 
southwestern crystalline core. Plutons were emplaced at shallow crustal levels 96 to 
90 million years ago and caused contact metamorphism of nearby sediments (or
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Figure 40. Compilation of U/Pb zircon and K/Ar hornblende and biotite ages for the 
southern crystalline core. Data from Engels and Crowder, 1971; Engels and others, 
1976; Tabor et al., 1982a, in press; Tabor et al., 1987a; Tabor et al., 1988; Walker and 
Brown, 1991.
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metasediments). This was followed by rapid burial and subsequent growth of high- 
pressure metamorphic minerals, which overprint earlier minerals produced by contact 
metamorphism. Deformation began shortly before intrusion of plutons and continued 
until during or shortly before peak high-pressure metamorphism. K/Ar cooling ages 
on hornblende and biotite indicate that metamorphism had ceased and the region had 
cooled significantly by 85 to 80 million years ago.
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VII. CORRELATION OF THE TONGA FORMATION
Correlation with the Chiwaukum Schist or 
the Easton Metamorphic Suite
Correlation of the Tonga Formation with the Chiwaukum Schist is based on 
similarities of protolith lithologic assemblages and Rb/Sr isotopic signatures and 
parallel plutonic, metamorphic, and deformational histories. Physical continuity 
between the Tonga Formation and the Chiwaukum Schist is broken only by the 
presence of the Excelsior Mountain Orthogneiss. Contact relationships on the north 
and west sides of the orthogneiss and pseudomorphed contact-metamorphic minerals in 
schist near the northern contact of the orthogneiss suggest that it represents a pre- 
metamorphic intrusion. No indication of either a structural discontinuity or pervasive 
shearing associated with emplacement of the orthogneiss was observed in the area.
The similarities of Rb/Sr isotopic signatures and the compatible protolith 
lithologic assemblage of the two units strongly suggest that the Tonga Formation and 
the Chiwaukum Schist have been together since deposition. The shared record of a 
complex Late Cretaceous history in the Tonga Formation and the Chiwaukum Schist 
are indisputable evidence that these two units have been together since at least the 
middle Cretaceous.
Yeats (1958) made the original correlation between the Tonga Formation and 
the Easton Metamorphic Suite on the basis of the similar association of carbonaceous 
phyllite and greenschist in the southern Beckler River Valley and the occurrence of
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blueschist in some of these outcrops (on the west side of the valley).
Protolith
Lithologic assemblage -- The Tonga Formation and the Chiwaukum Schist contain a 
high proportion of pelitic sediments and some more quartzofeldspathic sediments.
Both units also contain metamorphosed mafic igneous rocks, although these are much 
more abundant in areas of the Chiwaukum Schist. Original grain sizes in the 
Chiwaukum Schist are unknown due to the extensive recrystallization during 
metamorphism. Lithologic differences between the units could easily be the product 
of lateral facies changes and a non-uniform distribution of mafic igneous rocks in the 
depositional setting.
The Darrington phyllite consists almost exclusively of very fine-grained 
sediment. It includes a much smaller proportion of coarser sediments than occur in 
the Tonga Formation and Chiwaukum Schist. The Shuksan Greenschist protolith has 
been described as mostly fine-grained mafic volcanic rocks. It is possible that 
differences in protolith grain size and relative abundance of igneous rock between the 
Easton Metamorphic Suite and the Tonga Formation and Chiwaukum Schist could be 
due to facies changes within a single, posssibly laterally extensive, depositional basin. 
There is nothing distinctive, however, about the protolith lithologic assemblages of the 
Easton Metamorphic Suite, the Chiwaukum Schist, and the Tonga Formation that can 
link them together at the time of deposition.
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Rb/Sr isotopic signature -- An Rb/Sr isotopic signature was obtained for the Tonga 
Formation by analysis of 18 samples as part of this study. The isotopic signature of 
the Tonga Formation is virtually identical to the Rb/Sr isotopic signatures of the 
Chiwaukum (Magloughlin, 1986) and Settler Schists (Bartholomew, 1979; and Gabites, 
1985). This similarity suggests that these three units shared a chemically similar 
protolith and experienced a similar metamorphic history. The isotopic signature of the 
Darrington Phyllite contrasts significantly with that of the Tonga Formation, 
suggesting that its protolith had a significantly different chemistry and likely formed in 
a separate depositional setting. Comparison of the initial Sr ratios and slopes of Rb/Sr 
isotopic data sets indicates that the Darrington Phyllite could not have been the 
precursor to the Tonga Formation.
History
The Tonga Formation and the Chiwaukum Schist share a similar complex Late 
Cretaceous plutonic, metamorphic, and deformational history as discussed in the 
previous chapter.
Plutons ” Both the Tonga Formation and the Chiwaukum Schist have been intruded 
by 96 to 90 million year old granodioritic to tonalitic plutons. Aluminum-in- 
homblende barometry in the Mount Stuart Batholith and Excelsior Mountain 
Orthogneiss, and the widespread occurrence of contact metamorphic andalusite around 
the margins of the Late Cretaceous plutons (Figure 22), indicate that plutons were
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emplaced at shallow crustal levels throughout the southwestern crystalline core 
including in the Tonga Formation and the Chiwaukum Schist during this time period.
Deformation - Timing of deformation relative to plutonism, contact metamorphism, 
and regional metamorphism in the Tonga Formation and Chiwaukum Schist suggests a 
common deformation. The trend of regional-scale deformation is consistent on both 
sides of the Evergreen Fault.
The Easton Metamorphic Suite has experienced at least three deformational 
episodes whereas only one deformational event is recorded in the Tonga Formation. 
Foliation attitudes in Easton outcrops to the west of the Straight Creek Fault are not 
continuous with the trend of foliation in the Tonga Formation, indicating that the latest 
deformational episode in the Easton Metamorphic Suite was not shared by the Tonga 
Formation.
Metamorphism — Regional metamorphic grade increases continuously from chlorite 
grade in the southern Tonga Formation up to kyanite and sillimanite grade in the 
Chiwaukum Schist. No indication of a structural break between mapped Chiwaukum 
Schist and Tonga Formation or of tectonic emplacement of the Excelsior Mountain 
Orthogneiss was observed in the field. There is no evidence in the Tonga Formation 
of the early high pressure metamorphism recorded in the Easton Metamorphic Suite.
Conclusion— The Tonga Formation and the Chiwaukum Schist share a complex Late
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Cretaceous history involving magmatism, early contact metamorphism followed 
quickly by higher-pressure metamorphism, and regional deformation. The two units 
were therefore already established in their present relative positions at the beginning of 
the Late Cretaceous. The history recorded in the Tonga Formation contrasts with that 
of the Easton Metamorphic Suite, which experienced high-pressure/low temperature 
metamorphism in the Early Cretaceous and at least three deformational events.
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VIII. REGIONAL IMPLICATIONS
The correlation of the Tonga Formation with the Chiwaukum Schist creates an 
opportunity to study a part of the crystalline core that 1) preserves a record of primary 
sedimentary textures and depositional structures, and 2) records moderate to low grade 
Late Cretaceous metamorphism on the southwestern margin of the orogen.
Impact on old models
The Tonga Formation has previously been suggested as a link between the 
crystalline core and the Northwest Cascades System, not only because of its 
(presumed) association with blueschist facies rocks (Zen, 1988), but also because of its 
position on the margin of the crystalline core and its anomalously low (for the 
crystalline core) metamorphic grade (Monger, 1986, 1991). The confirmation of the 
correlation between the Tonga Formation and the Chiwaukum Schist has a significant 
impact on the regional tectonic models Monger (ibid) and Zen (ibid) have built that 
depend on the Tonga Formation as a key element.
Monger (1986, 1991) has proposed that the crystalline core and the Northwest 
Cascades System have a common Early Cretaceous subduction-related history, and that 
early high-pressure/low-temperature metamorphism of the Easton Metamorphic Suite 
has been overprinted in the crystalline core by Late Cretaceous Barrovian 
metamorphism as rocks in the subduction zone were caught up in a collisional orogen. 
The low grade of Barrovian metamorphism of the Tonga Formation makes it a critical
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place to look for evidence of an early blueschist-facies history for the crystalline core.
Zen (1988) has shown by thermal modelling that it may be possible for a rock 
to experience blueschist facies conditions followed by amphibolite facies conditions as 
part of a single orogenic event. He has suggested that the southern crystalline core 
may be an example of such an orogenic belt. Zen’s model is based on Yeats (1958) 
interpretation that the Tonga Formation includes blueschist outcrops on the west side 
of the Beckler River valley. However, these blueschists have been correlated by 
Tabor et al. (in press) with the Easton Metamorphic Suite and are separated from the 
Tonga Formation by the Straight Creek Fault (Tabor et al., ibid).
Zen’s (1988) and Monger’s (1986, 1991) hypothesis requires that the Tonga 
Formation is a blueschist facies unit which has been overprinted by Barrovian 
metamorphism. However, in my study, no evidence for high-pressure/low temperature 
metamorphism, either fabric or minerals, has been found in low-grade rocks of the 
Tonga Formation. Lawsonite is not seen in metapelites, nor crossite in metabasites in 
the Tonga Formation, as in the Easton Metamorphic Suite (Brown, 1986). Excellent 
preservation of sedimentary and plutonic textures in the Tonga Formation is 
incompatible with the model that these rocks have experienced the blueschist facies 
(subduction zone) metamorphism of the Easton Metamorphic Suite. Thus, the Tonga 
Formation cannot be cited as evidence of an early phase of blueschist-facies 
metamorphism in the crystalline core.
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Regional patterns in the southern crystalline core 
Barometry on peak metamorphic assemblages in the southern crystalline core 
(described in Ch. 4) defines the distribution of Late Cretaceous loading of the 
southwestern crystalline core. The Tonga Formation is situated on the edge of the 
area affected by the orogeny, where pressures during regional metamorphism decrease 
rapidly to the south and southwest. If, as timing constraints indicate, peak 
metamorphism over the southern crystalline core was roughly synchronous, then the 
pattern of peak metamorphic pressures could be expected to reflect the shape and 
thickness of the overlying mass at the time of loading.
Brown and Walker (ms in review) have suggested that the area of highest 
pressures in the Chiwaukum Schist lines up with a high-pressure metamorphic 
culmination in the correlative Settler Schist in southwestern British Columbia (after 
restoration of 180 km of offset along the Straight Creek Fault) that records similar 
metamorphic conditions. The resulting pattern of pressures suggests that the loading 
agent probably had a thick northwest-southeast trending core and a relatively abrupt 
edge on the southwest side and perhaps also on the northeast side.
Loading of the crystalline core by up to 20 vertical kilometers of overlying 
material resulted in the growth of high-pressure metamorphic minerals. High-pressure 
assemblages overprint earlier contact-metamorphic assemblages; for example, kyanite 
or staurolite -i- muscovite replace andalusite near pluton margins, indicating that high- 
pressure metamorphism post-dates intmsion of the Mount Stuart pluton, Sloan Creek 
Orthogneisses, and associated plutons. Plutonism and deformation in the southern
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crystalline core appear to be closely associated, as noted by Paterson and Miller (1991) 
and Walker and Brown (1991). Deformation began before intrusion of plutons, 
continued during plutonism, and subsided during high-pressure metamorphism.
K/Ar cooling ages indicate that post-metamorphic cooling to around 300 °C had 
taken place by 85 to 80 million years ago. Timing constraints provided by isotopic 
dating indicate that loading, then unloading of the southwestern crystalline core by up 
to 20 km of overburden occurred between 90 and 85-80 million years ago.
Magloughlin (1986) notes that growth of peak high-pressure metamorphic 
minerals in the eastern Chiwaukum Schist is pre-kinematic, in contrast to late- to post- 
kinematic peak metamorphic minerals in Chiwaukum Schist farther to the west and in 
the Tonga Formation. The deformation in both areas is probably associated with the 
loading of the southwestern crystalline core and the apparent contrast in timing of 
deformation relative to peak metamorphism across the Chiwaukum may be an 
argument for diachronous loading. The western Chiwaukum Schist seems to have 
experienced deformation associated with the onset of loading before peak high- 
pressure metamoiphic conditions had been reached (resulting in late- to post-kinematic 
mineral growth). In contrast, the easternmost part of the Chiwaukum Schist had 
already been loaded (and had equilibrated to peak metamorphic conditions) by this 
time, and experienced renewed deformation associated with loading of the area to the 
west (creating a pre-kinematic high-pressure metamorphism in the eastern Chiwaukum 
Schist).
94
Models for Late Cretaceous loading
Tectonic models for Late Cretaceous loading of the crystalline core must 
account for the features observed in the southern crystalline core and, specifically, on 
the southwestern margin of the loaded area in the Tonga Formation and Chiwaukum 
Schist. These features include the sharp pressure gradient into the core of the orogen 
on its southwest margin and the timing of deformation associated with Late Cretaceous 
orogeny.
Two contrasting mechanisms that have been proposed for the loading of the 
crystalline core are 1) thrust loading and 2) magmatic loading.
Thrust loading model
The thrust loading model (Whitney and McGroder, 1989; McGroder, 1991) 
attributes loading of the crystalline core to thrusting of a series of thick sheets from 
the east over the crystalline core (Figure 2). The timing and geometric constraints on 
loading of the southern crystalline core are difficult to satisfy with this model alone.
The relatively abrupt edge to the loaded area indicated by the distribution of 
pressures during peak metamorphism in the southwestern crystalline core implies a 
steep footwall dip or a steep dip of the upper thrust-sheet surface. In order for a 
thrust sheet 21 kilometers thick to bury the high-grade core of the Chiwaukum Schist, 
while rocks 20 kilometers to the southwest were buried less than 10 kilometers, would 
require that the thrust have a dip of roughly 40°. This is steeper than most 
characteristic thrust faults in fold and thmst belt settings.
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The timing of deformation associated with Late Cretaceous orogeny is 
problematic for the thrust model. Deformation began before intrusion of shallow level 
plutons (before loading) and died out around the same time that high-pressure 
metamorphic minerals crystallized. This timing implies that the Late Cretaceous 
deformation is more closely associated with magmatism than with deep burial. Thrust 
loading might be expected to produce syn-kinematic fabrics during high-grade 
metamorphic recrystallization, possibly with a subhorizontal lineation parallel to the 
direction of thrust vergence, which is not seen in the southern crystalline core.
The sharp pressure gradient and the rapid change in deformational style that 
accompanies the drop in pressure from north to south in the Tonga Formation is 
inconsistent with the geometry of thrust loading.
Magmatic loadin2 model
The magmatic loading model attributes high-pressure metamorphism to the 
emplacement of large volumes of igneous rock on top of the loaded area (Figure 2). 
The loading effect of plutons would be limited to the immediate vicinity of the 
igneous body. Variation in timing of loading of the southern crystalline core can be 
modelled as the result of a migration of the location of active plutonism, possibly 
along northwest-southeast trending zones (conceivably due to the migration of zones 
of orogen-parallel shear) from a Ten Peak/Sulphur Mountain belt in the east to a 
slightly younger Banded Gneiss/Mount Stuart/Scuzzy belt to the west.
Deformation associated with magmatic loading could be expected to be of
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greatest intensity near the pluton margins, as well as in a conduit zone through which 
the magma flowed to higher crustal levels. A down dip lineation would be expected 
to develop during the "return flow" of countryrock as the pluton moves upward 
through it. Lineations indicative of this process have not been identified in the 
southern crystalline core.
The timing of deformation would be closely associated with intrusion and 
resulting downwelling of surrounding countryrock to make room for rising magma. 
Much of the deformation associated with intrusion could be expected to have ceased 
by the time countryrock around and below the pluton equilibrated to the new pressure 
and temperature conditions. The lag-time between downwelling and deformation of 
the countryrock and growth of metamorphic minerals could explain the mainly late- to 
post-kinematic textures of Barrovian mineral assemblages in the Chiwaukum Schist 
and Tonga Formation.
Sharp peak-metamorphic pressure gradients, similar to those recorded in the 
western Chiwaukum Schist and Tonga Formation, could be expected to occur in the 
area beneath the margins of a loading plutonic mass. The steep pressure gradients 
could be expected to occur on all sides of a loading pluton, with more gradual changes 
in pressure predominating beneath the central part of the pluton. Isobars formed by 
magmatic loading alone would be concentric around a circular or ovoid high-grade 
core. In southwestern British Columbia, Brown and Walker (ms in review) have 
suggested that sharp drops in peak metamorphic pressures on two sides of the Scuzzy 
Pluton may represent two sides of such a concentric loading pattern. The Tonga
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Formation and southwestern Chiwaukum Schist records one area with a steep gradient
on the margin of the high-grade core.
IX. CONCLUSION
The conclusion of this study is that the Tonga Formation is not correlative with 
the Easton Metamorphic Suite, but rather is a low-grade continuation of the 
Chiwaukum Schist. Findings of this study indicate that the Tonga Formation did not 
evolve from the Darrington Phyllite and did not experience the blueschist 
metamorphism recorded in the Easton Metamorphic Suite. This evidence makes it 
unlikely that the crystalline core evolved from the Easton Metamorphic Suite.
The Tonga Formation shares a similar metamorphic history with the 
Chiwaukum Schist of shallow level Late Cretaceous plutonism, syn- to post-plutonic 
deformation, and late- to post-kinematic Barrovian metamorphism. The Tonga 
Formation completes a transect from the high-grade Chiwaukum Schist to low-grade 
rocks on the margins of the area affected by Late Cretaceous Barrovian 
metamorphism. Barometric data from the Tonga Formation and southwestern 
Chiwaukum Schist helps to define a steep pressure gradient during peak 
metamorphism in the southern crystalline core with isobars trending northwest- 
southeast and pressures ranging from <3 kilobars in the southwest to >7 kilobars in the 
central part of the Chiwaukum Schist.
New data concerning the timing and distribution of plutonism, deformation, and 
metamorphism in the crystalline core has led to new interpretations of the sequence of 
events during Late Cretaceous orogeny (Evans and Berti, 1986; Walker and Brown, 
1991). The findings of the present study do not solve the problem of the cause of
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orogenic loading but reaffirm the Evans and Berti (1986) conclusion that peak orogeny 
came after 90 Ma plutonism. The steep metamorphic gradients observed in this study 
seem more consistent with a magma-loading rather that thrust-loading model, although 
many metamorphic features remain to be explained by either mechanism.
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APPENDIX A. RB/SR DATA AND ANALYTICAL PROCEDURES.
I. Rb/Sr data for the Tonga Formation








1. 525-90-1 Biotite phyllite 47 47.1 
121 17.8





293.7 62.7 0.62 0.7064
3. 173-17 Sandy schist 47 50.9 
121 19.0
319.3 32.5 0.29 0.7046
4. 173-23b Phyllite 47 42.5 
121 17.4
155.3 83.9 1.56 0.7084
5. 173-34b Phyllite 47 42.9 
121 15.8
158.4 142.9 2.61 0.7109
6. 173-35e Graded sand/silt 47 52.8 
121 19.3
443.0 38.3 0.25 0.7052
7. 173-44 Biotite phyllite 47 48.2 
121 17.4





342.7 34.9 0.30 0.7051
9. 173-65 Biotite phyllite 47 48.3 
121 17.7
143.8 75.5 1.52 0.7093
10. 173-78 Biotite phyllite 47 46.2 
121 16.5
158.7 82.5 1.51 0.7092
11. 173-84 Phyllite 47 43.7 
121 15.7
252.5 70.1 0.80 0.7063
12. 173-88e Greenschist 47 43.9 
121 15.7





272.8 55.3 0.59 0.7059
14. 173-116a Graded silts/sands 47 53.1 
121 19.4
231.0 65.9 0.83 0.7060




306.4 15.6 0.15 0.7053
16. 173-123 Biotite phyllite 47 50.9 
121 17.1
180.8 70.9 1.13 0.7071




315.7 24.7 0.23 0.7046
18. 173-215 Staurolite schist 47 43.6 
121 17.9
99.9 77.6 2.25 0.7107
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II. Analytical Procedures
Rb/Sr analysis of Tonga Formation samples was carried out in the 
geochronology laboratory at the University of British Columbia using the following 
procedures.
Rock samples of around 2 kilograms were crushed in jaw and disc mills and 
then finely ground in a motor-driven agate mortar. Rb and Sr concentrations were 
determined using x-ray fluorescence. U.S. Geological Survey standards were used for 
calibration; mass absorption coefficients were obtained from Mo k-alpha Compton 
scattering measurements. Rb/Sr ratios have a precision of 2% (one sigma) where both 
concentrations exceed 50 parts per million. If either concentration is below 50 ppm 
the ratio uncertainty is based on an uncertainty in the concentration measurement of 1 
ppm. Concentrations have a precision of 5% or 1 ppm, whichever is greater. Sr 
isotopic composition was measured on unspiked samples prepared using standard ion 
exchange techniques. Sr isotopic measurements were made on a Vacuum-Generators 
Isomass 54R mass spectrometer automated with a Hewlett-Packard HP-85 computer. 
Measured ratios have been normalized to a *®Sr/®*Sr ratio of 0.1194 and adjusted so 
that the National Bureau of Standards standard SrCOj (SRM 987) gives a *’Sr/^Sr 
ratio of 0.71019 ± 0.00002 and the Eimer and Amend Sr standard a ratio of 0.70800 ± 
0.00002. The precision of a single *''Sr/*^Sr ratio is normally 0.0001 (one sigma). Rb- 
Sr dates are based on a Rb decay constant of 1.42 x 10 "years ’ (Steiger and Jager, 
1977). The regressions are calculated according to the technique of York (1967).
109











































































xxxxx xxxxx xxxxx xxxxx XXX
X
X
X X X X X X X
X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X
















































































XX XX XX XXX XXX
X X
X X X
XX XX XX xxxxx
X
X XX xxxxx
X X X X X X
XXX xxxxx
^x xxxx xxxxx xxxxx xxxxx xxxxxxx
a; cQ oCS Tt 00 00 Os00 00 Os n
till*
CO cn m mr-
cQ eo ^o CO O
o o o o ^
I « I I I
CO CO CO CO CO
r-^ r-» r- r*'
^ cd oCS Tf NO so 'nO
CO CO CO CO CO
r*' r- r- r**
CQ ^ Oo CO cs ^ soCSCSCSCOCOTfrf
1—4 1-H 1—i ^ 1-^ 1-HI I i I I I I



































X X X X
X X X X X
X X X X X







XX X X X
X XXX 

























XX X X X X X














X) TJ o rt ^
Os O O
so r~ 00 00
I I I I <







1> «cs Tt Os o ^
00 00 00 Os Os
I ( t I I








X) CO CQ U C3
CN CS-I ly-1 00 OS
Os o o o o
— csl (S CS tsI I I I I
CO CO CO CO CO








u<N W-> 00 C3 CQo -- cs
cs csCS CS <N CS <N CS
I I I I I I 
CO CO CO CO CO CO



































X X X X X 
X X
X X X X X 
X X X X X 
X X X X X
CQ











_ CS CS CO c<> cn^ CS <N CS CS CS



























X X X X X
X
X X X X X
X X X X X 
XXX 
X X X X X
X X X X X
X X X X X
cQ X> a>cs ro r~ o
Tt u-> in(s cs cs cs r4I I I I I
m «n m fn tn t E
X
X X X X X
X X X X X
at
o o oOn On On
I I I
wn ^<N C4 CS
o oON Os
































APPENDIX C. MINERAL COMPOSITIONS (in formula proportions).
(Analyses by E.H. Brown)
173-19a 173-351
Garnet Hblde Bag Biotite Garnet Flag
Si 5.99 6.16 - 5.87 5.96 -
A14 - 1.84 - 2.13 - -
A16 1.99 1.34 - 1.59 1.96 -
Ti - 0.05 - 0.27 - -
Fe 4.02 2.03 - 2.73 4.40 -
Mg 0.7 0.04 - 2.55 0.58 -
Mn 0.51 1.71 - 0.01 0.54 -
Ca 0.76 1.76 0.29 - 0.55 0.35
Na - 0.5 0.71 0.04 - 0.64
K - 0.06 - 1.66 - 0.01
173-60C





Si 5.98 6.00 6.32 - 5.96 - 1.463
A14 2.02 - 1.68 - -
-
A16 1.52 1.99 1.16 - 1.96
-
Ti 0.22 - 0.06 - -
-
Fe 2.55 3.43 2.02 - 4.21 -
Mg 2.83 0.54 1.84 - 0.57 -
Mn 0.02 0.83 0.04 - 0.77 -
Ca - 1.18 1.81 0.37 0.49 0.42
Na 0.02 - 0.42 0.64 - 0.58
K 1.75 - 0.09 - - -
173-169a
Biotite Garnet Muse Bag
173-171d
Biotite Garnet Muse Flag
Si 5.81 5.91 6.65 - 5.87 6.01 6.75 -
A14 2.19 - 1.35 - 2.13 - 1.25 -
A16 1.50 1.94 4.81 - 1.68 2.01 4.84 -
Ti 0.29 - 0.07 - 0.29 - 0.11 -
Fe 2.76 4.45 0.11 - 2.50 4.14 0.12 -
Mg 2.54 0.78 0.14 - 2.49 0.76 0.15 -
Mn 0.01 0.32 - - 0.01 0.64 - -
Ca - 0.58 - 0.33 - 0.43 - 0.34
Na 0.04 - 0.16 0.68 0.07 - 0.23 0.65
K 1.87 - 1.98 0.02 1.83 - 1.52 -
115
173-180a 173-222a
Biotite Garnet Flag Biotite Garnet Flag
Si 5.87 5.93 - 5.80 5.93 -
A14 3.85 - - 2.20 - -
A16 1.72 2.06 - 1.67 1.96 -
Ti 0.25 - - 0.36 - -
Fe 2.29 4.56 - 2.55 4.55 -
Mg 2.77 1.06 - 2.39 0.88 -
Mn - 0.25 - 0.01 0.28 -
Ca - 0.27 0.34 - 0.38 0.34
Na 0.15 - 0.66 0.07 - 0.67





Si 5.97 6.00 - 5.94 5.99 -
A14 2.03 - - 2.06 - -
A16 1.87 2.00 - 1.64 1.98 -
Ti 0.23 - - 0.27 - -
Fe 2.25 4.54 - 2.03 4.28 -
Mg 2.69 1.08 - 3.10 1.26 -
Mn - 0.13 - - 0.17 -
Ca - 0.23 0.32 - 0.31 0.40
Na 0.09 - 0.68 0.11 - 0.60








A14 2.19 - -
A16 1.92 1.99 -
Ti 0.21 - -
Fe 2.42 4.33 -
Mg 2.45 0.78 -
Mn 0.01 0.01 -
Ca - - 0.29
Na 0.09 0.09 0.69
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